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of Electronic Properties in Thin Film Silicon Hydrogen-Alloy And Its Applica­
tion to Solar Cells. M ajor Professor: R ichard J. Schwartz.
A self-consistent num erical m odel for hydrogenated am orphous 
silicon(a-Si:H) has been developed to aid in the understanding  of the details 
of the electronic behavior of silicon-hydrogen alloy m ateria l and the charac­
teristic features of devices made from it.
A gap s ta te  model incorporating exponential tail s ta tes  and G aussian- 
d istributed dangling bond sta tes  and doping s ta tes  based on the experim ental 
results and theoretical background is proposed. D etailed tran sp o rt equations 
including charge trapping  and recom bination processes a re  form ulated , and 
solved num erically in one-dimension. Since a large num ber of m aterial and
geometrical param eters are involved, it is possible to fit experim ental d a ta  
with more th an  one param eter set. Therefore the consistency pf the pro­
posed model was tested by fitting diverse experim ents w ith the same m aterial 
param eters.
The detailed model calculations are Compared w ith published experim en­
ta l  results for the dependence of dark  conductivity on doping and tem pera­
ture, and dependence of sweep-out charge on doping. It is also used to evalu­
ate  a one-to-one relationship between four-fold coordinated doping atom s and 
dangling bonds, as well as the dangling bond energy levels and distribution.
xix
T h e dependence of the photoconductivity  on light-intensity, tem pera­
ture, and spin density was investigated to understand the recom bination 
processes and tran sp o rt mechanism  in a-Si:H m aterial. The capture cross- 
sections for ta il s ta te s  and dangling bonds are determ ined by comparing the 
model calcu lated  photoconductivity results with corresponding experim ental 
results.
An exam ple of the use of the program  TFSSP (Thin Film  Semiconductor 
Sim ulation Program ) for the analysis of solar cell param eters, (open-circuit 
voltage, short-c ircu it current, fill factor, collection efficiency, and conversion 
efficiency) as function of cell thicknesses for an a-SiC:H p-/a-S i:H  i-n struc­
tu re  is presented and com pared with corresponding experim ental results. 
The model program  is also im plem ented to design optim um  solar cells.
In conclusion, a self-consistent num erical model for thin film silicon- 
hydrogen alloy m aterials and devices has been developed which includes the 
one-to-one relationship between doping and dangling bonds. The model turns 
ou t to  be an excellent tool for the analysis of dark conductiv ity , photocon­
ductiv ity , and the characteristics of a-SiC:11 p-/a-S i:ll i-n solar cells, and for 
cell design as well.
C H A P T E R  I  
IN T R O D U C T IO N
1.1. In tro d u ctio n
H ydrogenated am orphous silicon (hereafter referred to as a-Si:H) has
recently received much a tten tio n  as a promising candidate  for a low cost 
solar eell m aterial. Extensive research and developm ent has been carried 
out to a tta in  a high conversion efficiency;
Since Carlson and W ronskijl] reported the results of the i first 
hydrogenated am orphous silicon p-i-n solar cell having a conversion 
: efficiency of  ^2.4 % in 1976, considerable effort has been m ade to improve the 
! device perform ance through system atic control of the fabrication  conditions
and processes. In 1982, C atalano  e t.ah [2] reported a conversion efficiency of
10.1 % for an; a-Si cell w ith 1.09 cm2 area. More recently, Y am azaki et.
: a M^] ha^ye' reported  on a, a-Si:H p-i-n solar cell having a conversion efficiency 
of 10,5 % (1.05 cm2 area) fabricated  using a conventional plasm a-enhanced 
chemicaj vapor deposition process. T ied je[4] has estim ated  the theoretical 
; limit for th e  conversion efficiency of a single junction  a-Si:H cell to be 
approxim ately 20 % and Kuwano et.al.[5] have also predicted  th a t  the 
maximum p ractica l efficiency is about 24 % for a s tru c tu re  w ith three 
I stacked junctions. This potentia l dram atic  increase in efficiency can only be
a tta in ed  through im provem ent in th e  quality of the a-Si films and 
optim ization of the design of an a-Si solar cell. In order to achieve a high 
efficiency together with high stab ility , it is necessary to understand the 
details of tran sp o rt and recom bination in a-Si arid to identify how the cell 
properties are determ ined by them . Com puter sim ulation is an im portant 
tool for such understanding. Therefore a comprehensive numerical model for 
a-Si:H has been developed in a self-consistent m anner to aid the 
understand ing  of several different aspects of a-Si:H m aterial properties and 
devices.
In the following section, several solar cell designs, which have shown 
po ten tia l in a-Si:H cell applications, will be presented and the advantages 
arid d isadvantages of each cell s tru c tu re  will be discussed. Next, several 
proposed models for am orphous silicon hydrogen alloy p-i-n solar cells will be 
surveyed and realistic com puter models will be presented. Finally, the 
purpose and a brief overview of the thesis will be presented.
1,2 . S u rv e y  o f a-S i:H  S o la r  G ell D esig n s
Since the photovoltaic effect was first observed in amorphous silicon in 
1974 a t R.C.A. Laboratories, many laboratories have been stim ulated  to 
develop cheep, efficient and practical cells. To date, most a-Si:II solar cells 
for te rrestria l use have been fabricated  in one of three structures: Schottky
barrier, MIS (M etal-Insulator-Sem iconductor) or PIN  (P +-Intrinsic-N +) solar 
. ■ c e l l s . ■ - ■ T'-,:
In this section, we will describe these three different solar cell structures 
and  discuss the characteristics of each .cell.
1 .2 .1 . S c h o ttk y  Solar; C ell
The Schottky barrier cell is used mainly as a diagnostic device because 
it is relatively easy to fabricate. In fact, some of the first high-efficiency 
am orphous silicon cells exploited the Schottky b a rrie r[6] design ra ther than
P IN or MIS structures.
The Schottky barrier solar cells are generally fabricated  by depositing a 
th in, phosphorus doped, layer of a-Si on a stainless steel substra te  in order 
to aid carrier collection and provide low resistance contact a t the back of 
the cell. Then, about I //ni of undoped a-Si is deposited, followed by the 
evaporation  of ■ 50 A of a Schottky barrier m etal such as P t, Ir, Au, Al
e tc .[7]. A con tact pad is then deposited a t the edge of the Schottky barrier 
contact. Finally an antireflection coating of approxim ately 450 A of ZnO2 is 
evaporated . This s truc tu re  is schem atically presented in Figure 1.1.
The main advantage of this struc tu re  is th a t it allows most of the light 





Figure 1.1 S tructure  of a Schottky barrier cell
5the built-in electric field assures a high collection efficiency foh highly 
absorbed radiation. Also, only one thin doped layer is needed a t  th e b a c k  h f  
the cell to e s ta b lish o h m ic  contact to the substrate. Ghrfier lifetimes 
characteristic  of undoped a-Si are retained throughout most of cell.
Moreover, the diode quality factor of the Schottky barrier is close to unity [Sj 
except When there is recom bination [9] in the barrier or there is a thin 
insulating layer a t the interfacejlO]. Large values of open circuit vdltage 
have been observed ( ~  865 mV) [l ].
A seridus problem  With most Schottky barrier cells is the degradation 
resulting from the iu teraction  with w ater vapor th a t  may occur unless the 
m etallic layer is encapsulated  to p ro tect it from hum idity and other 
atmds{)heric effects. The degradation th a t occurs in some cells appears to be 
due to the diffusion of H2O dr O2 into the m etal/a-S i interface region. In 
addition, the IoW transparency  of the m etal film reduces the am ount of light 
th a t  the  cell absorbs, lowering the current relative to other designs. The 
open-circuit voltage df the Schottky barrier cell is limited by the available 
m etal work functiohs, so high perform ance is not possible w ith th is  type of 
cell. 'Conversionefficiencies of the Schottky type cells are generally less th a n  
6 %  and even less th a n  3 % for large area devices [11]. However, Carlsoh 
feels th a t  conversion efficiencies up to  15 % can be a tta ined[l] by increasing
th e  collection efficiency. This will require further improvem ent in the design 
o f th e  "structures u n d  m aterials param eters.
1 .2 .2 . M IS Solar C ell
The MIS cell is similar to a Schottky cell s tructu re , with about 20 Aof a 
very th in  insulating layer located between the undoped a-Si:H and a semi­
tran sp aren t high work function m eta l such as P t or Ir. As shown in Figure 
1.2(a), a thin highly doped n t  layer is deposited on a substra te . Next, 
approxim ately 5,000 A of active photoconductive a-Si:H is deposited. Then 
a 20 A layer of an insulator such as N b2O5 is therm ally evaporated  and 
con tact is m ade to the device using a high work function m etal. Finally, a 
350 A layer of ZnS or ZrO2 serves as an anti-reflection coating. To assure 
solar cell uniform ity, growth of the insulating layer m ust be carefully 
controlled. : ■' ■.> . .
The presence of a th in  insulating layer between the sem iconductor and 
m etal has a significant effect on the electron transpo rt across the interface, 
and on the solar cell perform ance. As shown in the energy band diagram  of 
Figure 1.2(b), the oxide layer is a barrier to the free passage of electrons 
through the interface. Most of the electrons th a t arrive a t the interface are 
reflected and diffuse aw ay while holes are accum ulated there by the barrier 
field. The holes collide with the interface m any times, eventually getting 
through, even if the transm ission probability  is very small. The 
recom bination probability  is small because the electron concentration a t  the 
barrier is small. As a result it is possible for nearly all the holes to  pass on 
through the insulating layer by tunneling. The separation of holes and 
electrons reduces recom bination a t the interface. Thus one has reduced 
sa tu ra tion  current, J 0, while making little or no change in short-circuit 
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Figure 1.2 ^ ) s S^ [ jcture of an MIS cell : (b) Energy band diagr;am of an
using a very thin insulating layer.
However it is difficult to  increase solar cell efficiency to very high values 
in this way because of the practical difficulty of reliably fabricating  th e  th in  
insulator and because of lim itations based on the device physics. These 
lim itations are; (a) Once the bands in the sem iconductor are fla ttened  under 
illum ination, nothing more can be gained, (b) Equal num bers of electrons 
collect on the opposite side of the insulator from of th a t  the confined holes. 
This produces a voltage drop across the insulator which su b trac ts  from the 
useful ou tpu t voltage of the cell, (c) Even if free carrier separation  is well 
established, some of the confined holes still recombine with electrons a t  the 
interface. This will reduce the current in the cell. Because of these 
lim itations, typical conversion efficiencies, a t  present, are less th an  7 %. 
Wilson et.al.jl2] have observed efficiencies of 4.8 %  in 60 m W /cm 2 sim ulated 
sunlight, with a Ni-TiOx contact on top of the am orphous silicon films, 
w ithout an anti-reflection coating. Also M adan et.al. [13] obtained  
conversion efficiencies of up to 6.3 %  under A M l illum ination . using an a- 
Si:F:IT alloy.
1 .2 .3 . P IN  Solar C ell
H ydrogenated amorphous silicon p-i-n junction  solar cells have been 
extensively studied for low-cost, large area applications w ith high efficiency 
(for example, see references[l4-16]). Recently, several research 
groups[2,3,17,18] have reported efficiencies of 10 ~  1 1 % , using modified PIN  
cells, under laboratory conditions.
The advantage of PIN  junction  cells over Schottky barrier or MIS type 
cells lies in the fact th a t junction  properties can be controlled continuously 
during deposition. G reater s tab ility !15j and a large inherent built-in 
potential[l6,19] are also advantages compared with Schottky barrier type 
cells. Schottky cells need very expensive m aterials such as P t or Au to 
produce a Voc of more than  800 mV.
A typical a-Si:IT PIN  cell consists of a n^ back con tac t layer, an 
intrinsic layer to serve as a base m aterial and a p 1 junction  layer, as shown 
in Figure 1.3. In Order to improve the optical properties, an  anti-reflection 
coating is deposited on the p 1 layer.
! The unmodified homojunction a-Si:H PIN  cell is one of the sim plest PIN 
cells. M any more diverse designs exist including:
(a) n-i-p cells
(b) stacked cells
(c) silicon-carbon alloy p-i-n cells
(a) n-i-p  cells : The n-i-p cell is simply the inverse of the p-i-n s truc tu re . 
A great deal of work has been done on this design because it has some 
advantages in deposition and fabrication processes. An advan tage  of the n- 
i-p struc tu re  is th a t n-doped a-Si layer absorbs less light th an  a p-doped 
layer does, because n-type a-Si has a slightly wider band-gap th an  p-type a- 
[20], Consequently, more light reaches the intrinsic layer in the  n-i-p 
design. Since the intrinsic layer of an n-i-p Structure is slightly n-type in its 
electrical behavior, there is a less ab ru p t junction  betw een the n and i- 
layers. This diminishes the junction  voltage because more holes leak into 




Figure 1.3 S tructure of a PIN cell
problem, the m agnitude of hole mobility is sm aller than  th a t of the electron 
mobility. To solve this problem, the intrinsic layer is often lightly p-doped: 
to make the i-iayer nearly intrinsic or even slightly p-type. This results in 
an n !-p-p'r struc tu re . To further enhance the perform ance of n-i-p. cell 
structure, the top layer can be made of n-doped a-SLC to allow more light to 
reach in the intrinsic region.
(b) sta ck ed  cells : The stacked cells are fabricated  by sequentially growing 
p-i-n junctions over one another as shown in Figure 1.4. The stacked 
junction structu re  can be extended to three or more junctions while 
progressively controlling the energy gap of each intrinsic layer or while 
changing the thickness of intrinsic layers.
The main advantages of the stacked  cell s truc tu re  are th a t their 
individual, voltages are additive because the junctions are in series, and the 
carrier separa tion  is more efficient. The intrinsic layer in the stacked cell 
should be th inner th an  in a  norm al cell because the thickness of each cell 
should be chosen so as to equalize the  photocurren t of all the unit '.ceils. 
Consequently, the photogeuerated carriers need to travel a shorter distance 
to  be co llec ted .
H am akaw a et.al. [21] reported conversion efficiencies around 4 % for up 
to 5 stacks. V00 increases alm ost d irectly  proportional to the num ber of 
stacks, and Ise varies w ith th e  inverse of the num ber of stacks. More 
recently, N akam ura et.al. [22] have obtained, an 8.5 %  conversion efficiency 
by adjusting the band gap of the intrinsic layer using an a-Si:Ge:ll alloy in 
the back junction  of three stacked  PIN  junctions so th a t  each layer
metal





Figure I A S tructure of a stacked cell
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produces the same photocurrent.
Even though high ou tpu t voltage can be a tta ined , the to ta l power is 
nearly unchanged because of the lowering the o u tp u t current. j21 j. F urther 
improvement of the device perform ance can be expected w ith a more precise 
design of the intrinsic layer thicknesses and energy gaps, and with a 
reduction of the gap s ta te  density.
(c) silicon -carb on  a lloy  p-i-n  cells : Unmodified p-i-n cells showed poor 
quantum  efficiencies[l,187] a t short w avelengths because of high 
recom bination a t the surface of the p + layer. Absorption loss related to the 
front p+ layer can be reduced by substitu ting  a p-type am orphous si licon- 
carbon(a-SiC) alloy window for the p + layer. As shown in Figure 1.5, the 
wider energy gap SiC window layer causes a barrier in the conduction band 
which reflects electrons, back into the intrinsic layer. C atalano  et.al.[2] have 
dem onstrated a good short-w avelength response due to the collection of 
m inority carriers and also low absorption in the a-SiC:H window layer.
In 1981 T aw ada et.al.[23] reported an efficiency of 7.5 %  (3.3 m m 2 area) 
for a p-i-n cell using an a-SiC:H alloy as the p + layer. A year later, 
C atalanb  et.al.[2| obtained an efficiency of 10.1 % from a 1.2 cm2 p-i-n 
s truc tu re  using a-SiC:H as a window layer.
T ied je[4] has predicted an upper limit for J sc, Voc and fill factor of 22 
m A /cm 2, 1.0 ~  1.05 V and 0.86, respectively. This yields approxim ately 20 
% for the theoretical limit for conversion efficiency of a single junction  a- 
SirIT cell.
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Figure 1.5 Schematic energy band diagram  of an a-Si€:H  p-/a-Si:H  i-n
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Based upon modern technology for cell fabrication processes and 
experim ental results, a t p resen t, the a-SiC:H p-i-n cell is the most promising 
cell to achieve high device perform ance. Thus the au thor will concentrate 
on this cell s truc tu re  in this thesis. In C hapter 6, a suggested model for 
this cell s tru c tu re  will be discussed. The cell param eters, open-circuit 
voltage, short-circuit current, fill factor, and conversion efficiency will be 
analyzed in detail in term s of the cell design param eters and m aterials 
properties.
1.3. Su rvey  o f a-Si:H Solar C ell M od elin g
Several different a-Si:H solar cell models have been suggested[24,25,28- 
33}. However, the basic formulae for analysis are so difficult to solve th a t  
many of these are over simplified and yield unreliable results. In th is 
section, the physics of the fundam ental concepts used in the these models 
will be examined and an appropriate  model will be suggested.
The first comprehensive num erical model for am orphous silicon p-i-n 
solar cells was developed by Sw artz[24] who self-consistently solved the two 
continuity equations for electrons and holes along w ith Poisson’s equation. 
However, he neglected the trapped  charge in the gap sta tes . This leads to
significant errors in the analysis of am orphous silicon solar cells. He also 
used Shockley-Hall-Read (SHR) single-level recom bination sta tistics. Since 
there exist a large density of the m ultiple energy gap s ta tes  which serve as
recom bination ■ centers, recombination; is not simple SHR single-level 
recom bination.
Chen et.al.[25] dem onstrated a theoretical model for the  analysis of
dark  current-voltage, characteristics for a-Si:ll Schottky barrier and: p-i-n 
diodes which involved solving; the  two continuity equations and Poisson’s 
equation. They expressed the to ta l current density in term s of the 
electrostatic potential energy, which can be obtained from the solution of 
the Poisson’s equation. They assumed th a t  the dom inant contribution to 
the space charge density in am orphous semiconductors comes from the
charge trapped in the localized sta tes . However, the free carriers can not 
be neglected in high quality a-Si m a te ria l[26,27] even if their density is less 
than  the trap  density. This is the opposite assum ption to S w artz’s
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model[24], which neglected the charged trap  density. Both models, in fact, 
are not suitable for the analysis of a-Si:H p-i-n solar cells because their 
assum ptions lead to errors in the potential profiles. This in tu rn  leads to 
erroneous conclusions in the analysis of a-Si cell perform ance.
Crandall[28] and Faughnan e t.a l .[29] proposed very sim ilar models for 
an a-Si:H p-i-n cell using the "regional approxim ation" which is based on the 
concept of the effective drift length in a constant electric field. Even though 
this approxim ation gives insight into the physics of the transpo rt in the cell 
w ithout complicated numerical com putation, these models are not adequate 
for general p-i-n amorphous silicon solar cells because the density of the 
trapped charge in the intrinsic layer, particularly  in the p +, n +, and near the 
front and back of the base regions, will pertu rb  the electric field profile in an 
a-Si:l I p-i-n solar cells. This will be dem onstrated  in C hapter 6. The 
electric field d istribution is highly non-uniform. Thus, the concept of a 
constant drift length (L =//,tE) with position-independent m obility and 
lifetime is not an appropriate  assum ption to analyze a wide class of a-Sl:H 
p-i-n solar cells.
Okamoto e t.a l .[30] proposed a model, called a "variable m inority carrier 
transport model, where the operative intrinsic layer is divided into two 
regions a t a variable boundary; in each region, either electrons or holes are 
assumed to act like the m inority carriers dom inating the carrier 
recom bination rate. They also considered the diffusion current and surface 
recombination a t the boundaries of the intrinsic region. However, they only 
considered the electric field and charge contribution of the intrinsic layer 
which means the im portance of p+ and n + regions were not taken into
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account. T h a t is why they need to introduce artificial boundary conditions 
a t the boundary between the intrinsic and heavily doped layers. These 
layers are described in their model in term s of the  surface recom bination 
velocities, Sp and SD. In fact, the p+ and n ' regions are im portan t in 
determ ining the field profile within the intrinsic layer as will be shown in 
C hapter 6. Even though surface recom bination centers a t the in terface 
m ay be im portan t loss m echanisms in heterojunction cells, these are not th e  
main loss in hom ojunction p-i-n cells. The m ajor loss occurs due to 
localized sta tes near the interface in hom ojunction p-i-n cells, not due to 
additional surface sta tes . Sichanugrist et.al. [31] also developed a model 
similar to  th a t of Okarnoto et.al.|30] for a-Si:H, p-i-n cells. However, they 
didn’t im plem ent the variable m inority carrier tran sp o rt concept.
Recently, lkegaki e t.a l .[32] have developed a model which considers the  
doping profile in the  intrinsic layer. However, they  also assum ed th a t  free 
carrier concentrations are not an im portan t space charge density in 
Poisson’s equatiori as Chen e t .a l .[25] did, and calculated  the in ternal 
potential profile and  charge d istribu tion  only in th e  intrinsic layer as 
Okam oto et.al.j30|. As explained before, these may lead to  errors in the a- 
Si:H p-i-n solar cell analysis.
Hack e t.a l.[33] have presented a com puter sim ulation of a-Si alloy p-i-n 
solar cells based on the solutions of the electron and hole continuity  
equations and Poisson’s equation. They properly set up the ta il s ta tes  as 
deep localized s ta tes  with a corresponding recom bination rate . However, 
they used a zero-tem perature d istribution  function to calculate  the  trapped  
electron and hole densities as did lkegaki e t.a l .[32] instead of perform ing the
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num erical integration throughout entire energy regions. This seriously 
underestim ates the density of trapped  charges in the tail s ta tes. Exact 
calculations for trapped  charges in the tail s ta tes  will be presented in 
C hapter 6. In the gap s ta te  model, they assumed th a t only tail s ta tes  
between the trapped electron and hole quasi-Fermi levels act as im portan t 
recom bination centers; they neglected the recom bination process through the 
dangling bond defect s ta tes  in their model. However, numerous 
experim ental d a ta  (for example, see the sum m ary of the published results for 
the dangling bond energies in a -Si tab u la ted  by LeComber and Spear[34]) 
dem onstrate th a t there exists high dangling bond s ta tes  in the energy gap of 
a-Si m aterial, even if its position w ithin the mobility gap of the m aterial 
remains somewhat controversial. Moreover, there is experim ental evidence 
[35,36] th a t dangling bond defect s ta tes  play an active role as electron-hole 
recom bination centers in am orphous silicon. Since the perform ance of a-Si 
solar cells is often limited by trapping  and recom bination a t dangling bond 
defects, these defect s ta tes  should be included in the modeling.
TFSSP (Thin Film  Semiconductor Sim ulation Program ) is a 
comprehensive com puter sim ulation program , developed a t Purdue, which 
will be used to understand  the p h y s ica l  m e ch a n ism s  govern in g  th e  o p era t io n  
of a-Si:H alloy p-i-n solar cells. TFSSP allows for the modeling of a cell 
with up to 7 active layers w h ich  can be independently specified with suitable 
optical and: electrical param eters. This allows, for example, a graded gap in 
the em itter or grading of the doping in the base of a solar cell. The model 
also allows for the presence of ab ru p t transitions in the band gap as occurs 
a t the interface formed by depositing an a-Si:H base on an a-Si:C:H em itter.
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Figure 1.5 shows the band diagram  for a typical solar cell s truc tu re  w ith a 
wide gap em itter. The details of the em itter-base interface are described 
under Section 6.2 of C hap ter 6. An example which dem onstrates the 
usefulness of TFSSP for analysis of a-SiC:H p-/a-Si:H  i-n solar cell 
param eters as a function of cell thickness will be also presented in Section 
6.3 of C hap ter 6. P a ram etric  study for the  optim um  cell design will be 
perform ed along w ith com parison w ith o ther models in Sections 6.4 and 6.5 
of C hap ter 6.
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1.4 . P u rp o se  and O verview  o f  th e  T h esis
One difference between am orphous and crystalline sem iconductors is 
th a t am orphous m aterial contains a large density of defect sta tes w ithin the 
mobility gap. It is difficult to analyze the details of the electronic behavior 
of a-Si:I I m aterial and characteristics of devices m ade from it due to 
complexity of this large density of gap sta tes . As a result, simple analytic 
models, for which closed form solutions can be found, require unrealistic 
assum ptions and simplifications which may lead to incorrect predictions.
This complexity can be handled by num erical models. The dependency 
relationships are not as explicit as they are in analytic models and num erical 
models are sensitive to the m aterial param eters pu t into them , bu t they may 
be explored by system atically  varying param eters. M eanwhile, closed form 
solutions from analytic models are less sensitive because some param eters 
have been ignored. W ith  num erical models, microscopic quantities which are 
not directly m easurable, such as electric field or charge distribution, are 
easily exam ined.
The purpose of this thesis is to apply such self-consistent num erical 
model to the sim ulation of solar cell perform ance. Since a large num ber of 
m aterial and geom etrical param eters are available, it may be possible to fit 
experim ental d a ta  w ith more than  one param eter set. However, we a ttem p t 
to limit this u n certa in ty  by fitting diverse experim ents with the same 
m aterial param eters. The model applications are not limited to  solar cell 
perform ance. It is applied tb dark  conductivity and photoconductivity  as 
well, and the sim ulations are then compared w ith published experim ental 
results in a self-consistent m anner as shown in Figure 1.6. The proposed gap
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Figure 1.6 Self-consistent model of a-Si:H
s ta te  model is first applied to dark conductivity as functions of four-fold 
coordinated doping concentration and tem perature, and then to sweep-out
charge as a function of doping. The simulations are compared with 
published experim ental results to evaluate the relationship between doping 
and dangling bonds, as well as the energy and form of the gap states. T he  
model, Avith the m aterials param eters obtained from the dark conductivity 
study, is applied to photoconductivity  to obtain an understanding of the 
recom bination processes in a-Si:H. A comparison of photoconductivity as 
functions of light-intensity, tem peratu re, and spin densities was made 
between calculated values and experim ental values to determine the capture 
cross-sections of the gap states. The model is then applied to solar cell 
device perform ance w ith all m aterials and device param eters, obtained from 
dark conductivity and photoconductivity studies. The calculated solar cell 
param eters as function of base thickness are compared with experim ental 
results to  evaluate th e  accuracy of the param eters.
In C hapter 2,. several different gap s ta te  models, which have been 
suggested by others are surveyed and a model based on experim ental results 
and^theoretical background is proposed for the com puter sim ulation of a- 
Si:H alloy solar cells.
In C hapter 3, the full set of transpo rt equations with appropria te  
boundary conditions, trapping, and recom bination statistics through the gap 
s ta tes  are form ulated.
In C hapter 4, the doping dependence of dangling bond defect states, 
which was first addressed by Street[37] is studied quantitatively , using The 
gap s ta te  model proposed in C hapter 2 and the trapping statistics described
in C hapter 3. The num erical results and a comparison with experim ent for 
dark  conductivity  as functions of doping concentration and tem perature as 
well as sweep-out charge as function of doping are presented. The pre­
exponential conductivity factor and the activation energy are also discussed.
In C hap ter 5, an analysis of photoconductivity study with respect to the 
light-intensity , tem peratu re  and spin density dependence is carried out, and 
the results generated from the com puter sim ulations are compared with 
experim ents. The model calculated results are also compared with the 
results of o ther models.
An example of the use of TFSSP to aid in understanding the problems 
associated with solar cell param eter dependence on the cell thickness of a- 
SiILC p-/a-S i:lI i-n solar cells under global A M I.5 illum ination is presented 
in C hapter 6. The numerical results and a comparison w ith experim ent are 
presented in this C hapter. A param etric  study for the optim um  cell design 
is also perform ed using TFSSP along w ith comparison with other models.
In C hap ter 7, the research is sum m arized and the contributions of this 
work are reviewed. Several suggestions for further work are also presented.
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C H A P T E R  2
M O D E L IN G  OF G A P S T A T E S
2.1. In trod u ction
It is essential to know the s ta te  distribution in the mobility gap in order 
to  understand  the basic properties of hydrogenated am orphous silicon. 
Recently, extensive research work, using a variety  of the experim ental 
techniques [field effect(FE), capacitance, deep level transien t 
spectroscopy(DLTS), and time of Hight(TOF)] have been used to determ ine 
the distribution of gap s ta tes  'm the mobility gap. M any other 
m easurem ents are directly influenced by the presence of gap states.: These 
are all well known techniques which have been throughly described in the 
lite ra tu re [38], and hence need not be discussed in detail here. There are, 
however, some difficulties in in terpreting th e  m easurem ents because different 
m easurem ent techniques give us apparen tly  different d istributions in w hat 
should be similar samples.
A dm ittedly, it is obvious th a t any single model can no t describe the 
essential feature of all am orphous m aterials because of the  large differences 
in the na tu re  of the  various groups of am orphous sem iconductors and the 
complexity of the gap sta tes . Therefore we will restric t pur considerations to 
a realistic gap s ta te  model for the com plicated electronic behavior of a-Si:Tl,
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and the devices made from it. A detailed num erical model is desirable to 
allow us optim ize the m ateria l and to  improve device perform ance.
In this C hapter, the  gap s ta te  model to be used in setting up the 
m athem atical equations which will eventually  be im plem ented for com puter 
sim ulation is em phasized.
In the following section, a few models which have previously been used 
will be described. Some of the basic assum ptions and simplifications which 
are made in using such models will also be discussed. Next, a realistic gap 
s ta te  model based on the experim ental results and the theoretical 
background will be proposed.
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2.2 . Su rvey  o f  G ap S ta te  M odels
In 1969, Cohenj Fritzsch, and Ovshinsky[39] developed an energy band 
model based on the concept of an ideal covalent random  netw ork s truc tu re  
of am orphous sem iconducting alloys. T ranslational and compositional 
disorder are assumed to cause fluctuations of the potential o f sufficient 
m agnitude th a t they lead to overlapping band tails of the localized s ta tes  
extending from  the conduction and valence bands into the energy gap as 
shown in EigUre 2.1(a). These localized s ta tes  are not related to 
imperfections but are the  result of the disorder of the atom ic structu re . 
Their num ber and energy spread increases with the degree of the 
random ness. Thus th e  tail s ta te  density is dependent on the fabrication 
processes.'
An im portan t concept of this model is th a t  the valence band tail s ta tes  
are  assum ed to be donor-like sta tes  which are neu tral when occupied by an 
electron and  negative when em pty, and th a t the conduction band tail s ta tes  
are assum ed to be acceptor-like s ta tes  which are negative when occupied by 
an electron and- neu tral when empty. The other principal feature of this 
model is the existence of a "mobility edge" a t some energy in the tail s ta tes. 
The mobility edge concept, introduced by M o tt[40], is th a t  the charac te r of 
w avefunctions changes a t energies Ec and Ev which separa te  the extended 
and the localized s ta tes . Thus this model is sometimes called the ".Moit- 
CFO model". j
Even though the concept of this model is interesting and inform ative, 
this model is not adequate  for a-Si sem iconductors because the band tails for 






Figure 2.1 (a) Motfc-CFO model (b) Energy band model with deep donors
fabricated  by the glow discharge technique. Deyiatiqns from the ideal 
covalent random  netw ork, such as dangling bonds, contribute loca/lized 
sta tes  in the energy gap which lead to a nonmonotonic density of localized 
s ta tes  in addition to the tail states.
An a l te r n a t iv e to  the M ott-CFO  model for s ta tes in the gap was 
proposed by Davis and M o tt[41] based on several experim entais which 
implied a peak In the  density of s ta tes a t the Ferm bleveh However, there is 
no explanation why th e  controlling states, which are not sufficient to  pin the 
F erm i-level, should lie near m id-gap. Mott[42] extended the previous model 
by using the concept of deep donors(Ey) and acceptors(Ex ) for defect 
centers, such as dangling bonds, which are singly and doubly occupied^ 
This leads to two bands separated  by an appropria te  correlation energy, U, 
as illustra ted  in Figure 2.1(b). If two defect centers overlap strongly, this 
model essentially becomes the sam e as the previous model suggested by 
Davis and M ott. W hen they are well separated , the  model is similar to th a t 
suggested by M arshall and Owen [43].
It was believed th a t am orphous semiconductors usually show intrinsic 
type conduction due to the high density of localized gap states, until Spear 
and LeC om ber[44] successfully accomplished substitu tional doping of 
im purity  atom s into a te trahed ra lly  bonded am orphous m aterial. Since this 
striking experim ental result was announced, extensive experim ental and 
theoretical w ork have been performed to provide a clearer picture of the 
d istrihution  of s ta tes  in the gap of am orphous semiconductors.
Tiedje et.al.[45] m easured tem peratu re  dependence of the dispersion 
param eter, o, determ ined from the photocurrent decay before and after the
tran sit tim e. They used'-"exponential" distributions of the tail s tates with a 
characteristic  tem peratu re  of the exponential valence and conduction band 
tails of 500 0 K ( ~  43 meV) and 312 0 K ( ~  27 meV) respectively, in order to 
in te rp re t whose experim ental results. The dispersion param eter o =  T /T c, 
where T c is characteristic  tem perature. Here, kT c is an energy which 
characterizes the width of the exponential band tail. They use the value a  
to com pute electron and hole mobilities. They investigated free carrier 
mobilities above the m obility edge in am orphous silicon hydride, using "time 
of flight (TO F)"[ft 2 .l] m easurem ents of the tem peratu re  dependence of the 
electron and hole drift mobilities and a m ultiple trapping  model for 
dispersive tran sp o rt. They obtained electron and hole mobilities of 13 and 
0.67 cn r/V -sec , respectively.
M eanwhile, Spear and LeC om ber[46] included a linear ta il distribution 
(actually  an ab ru p t drop near 0.13 eV) above their exponential s ta tes  as 
shown in Figure 2.2, m ainly to justify  their field effect d a ta . They also 
deduced an approxim ate value of 10 cm2/V -sec for electron mobility based 
on the results of drift mobility experim ents in terpreted  by using a multiple- 
trapping  model.
[ft 2.1] The TOF technique is widely used for investigating the distribution of localized 
states below the conduction band mobility edge, and free carrier mobility above it. If 
the carriers drift as a coherent pulse, then the: average transit time can be determined 
by observation of an abrupt fall in current when the majority of the carriers have 
crossed the film and are extracted by the electrode. Thus the drift process is 
characterized by multiple trapping and release from trapping levels. Here the average 
transit time is defined as including any time that the drifting carriers spend in localized 
states below the mobility edge as well as the time they spend a.boye it when they move 




Figure 2.2 Several band tail models suggested by (a) Tiedie et al 
Davts et!aL C° mber <C) S° “ k° ulis ^  et al
Soukoulis et.al. [47] suggested th a t the exponential density of s ta te  
begins roughly 0.1 eV below and above the conduction and valence band 
mobility edges respectively. Jackson et.al. [48] discussed the effects of the 
above assum ption using the results of optical absorption m easurem ents. 
They explained the largest source of error between theoretical and 
experim ental results are in the term  containing the  dipole m atrix element 
Squared, R 2(E), due to the uncertain ty  in the energy a t which the 
exponential ta il s ta tes  begin relative to the  mobility edges. Since the jo in t 
density of s ta tes  and im aginary p a rt of the dielectric function e in linear 
response theory are changing so rapidly in the 1.5~  2.0 eV region, small 
changes in the onset of the exponential density of s tates give rise to large 
changes in the  resulting R 2(E). Jackson et.al. suggested the same tail s ta te  
model as Soukoulis et.al.. Jackson e t.a l .[48] also obtained characteristic 
energies of tail s ta tes  for the valence and the conduction bands of 52 ± 5  
me V and 26 ± 5  rneV which are close to the values of Tiedje et.al. [45].
Dhvis et.al.j49] proposed a model similar to Jackson’s for the 
d istribution  of localized s ta tes  in the m obility gap. Their model is, however, 
a linear distribution joined to an  exponential ta il having a characteristic  
tem peratu re  of 3 10 0K (which is the same as T iedje[45]) a t an energy 0.12 
eV below the  conduction m obility edge and a t a value of N(Ec) =  5.0 x IO20 
[ l/cm 3-eV].
In addition to the tail states within the mobility gap, there also exist 
amphoteric "dangling-bond defect" states around the center of the gap. It 
is, at present, widely believed that the dangling bonds in the random 
network structure are the dominant defect states and serve as
recom bination centers in a-Si. This is supported by a wide range of 
experim ental results. For instance, the comprehensive transien t 
experim ental d a ta  Of S treet et.al.[5Q-53], Dersch et.al. [54,55], K irby eLaLfSO] 
and m ajority  and m inority carrier lifetime experim ents in n- and p-type a-Si 
by Spear e t.a l .[57] and LeComber and Spear[34].
Recently, Street e t.a l.[58-60] and Kakalios and Street[61j have proposed 
a gap s ta te  model related to the dangling bond defect sta tes using the 
energy dependence of the conduction and valence band density of s ta tes  
determ ined through optical and photoemission experim ents by Jackson 
e t.a l .[48]. They found th a t the D“ defect level is located 0.83 eV below the 
conduction band with a Gaussian width of around 0.1 eV. S treet has also 
suggested th a t charged dangling bonds are introduced as a direct 
consequence of the doping, with a density th a t increases as the square root 
of the boron and phosphorus concentration as predicted by the au to ­
compensation model [37]. The doping dependence of dangling bond defect 
s ta tes  will be discussed in C hapter 4.
Johnson et.al. [62,63], using photodepopulation-induced ESR and 
photocapacitance techniques in n-type a-Si:H, obtained approxim ately 
G aussian shaped distributions of am photeric dangling bond sta tes  peaked a t 
0 .8 ~  0.9 eV below the conduction band with a s tan d ard  deviation of 0.12 
eV for the I) ' transition  of the a-Si dangling bond.
Meanwhile, Spear et.al.j57j have suggested th a t the peak of the I) 
transition  is a t 1 .1 ~  1.2 eV below the conduction band with a sharp  
distribution of centers. L ater, LeComber and  Spear[34] re-evaluated the 
locations of the dangling bonds and obtained 1.15 eV and 0.75 eV below the
conduction band for singly and doubly occupied G aussian-distributed 
dangling bond with a s tan d ard  deviation of 0.1 eV from the same 
experiments.
Furtherm ore, Okushi e t.a l .[64,65] and T an ak a  and Okushi[66] have 
reported th a t two peaks in the gap s ta tes  originating from doubly occupied 
dangling bonds were observed using the ICTS m ethod on P-doped a-Si:H. 
They explained these s ta tes  in term s of isolated(D _) and  charge- 
coupled(*D~) doubly occupied dangling bonds which are 0.5 ~  0.6 eV and
1.0 ~  1.2 eV below the conduction band, respectively. Since the  charged- 
coupled(*D_) doubly occupied dangling bond s ta te  has not been universally 
observed, we have not incorporated into this s ta te  into our model.
A controversy is associated with the position in energy of the  doubly 
occupied s ta te  of dangling bond. M any techniques have been im plem ented 
to obtain  the energy levels. Two different models have developed. 
LeComber and .Spear [34-] categorized the published d a ta  of dangling bond 
energies of a-Si:H into two groups. Gne group of d a ta  indicates th a t  the 
doubly occupied sta te  of the dangling bond is 0.8 ~  0.9 eV below the 
conduction band mobility edge, and the singly occupied s ta te  is 1.2 ~  1.3 eV 
from Ec [67-76], and the o ther group of results indicates th a t  the doubly 
occupied s ta te  is 0,5 ~  0.6 eV below Ec and the singly occupied s ta te  is 
0 .9 ~  1.0 eV from Ec [57,64-66,77-80].
•'''■.'••.'/'•'•Recenstly,. S tutzm ann and Jackson [81] proposed energy levels of 0.95 eV
and 0.75 eV from the conduction band for singly and doubly occupied
' . ' ■ . ■
dangling bond with a Correlation energy of about 0.2 eV. This correlation
energy is smaller than  th a t found above, from ESP, PDS and  electrical
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conductivity m easurem ent. As m a tte r of convenience, we have re­
categorized the published d a ta  of dangling bond energies as shown in Table
2.1. This is basically the same as th a t of LeComber and Spear[34]. Since all 
experiments require additional assum ptions in the analysis of the results, 
further research work is needed to clarify the locations and distribution of 
dangling bond states. This controversy will be examined in detail based on 
our dark  conductivity study under the assum ption of a one-to-one 
relationship between four-fold coordinated dopant atom s and dangling bond 
densities in C hapter 4.
Table 2,1 Sum m ary of the published results for dangling bond energies in a-Si:H
i' Authors , EAperimentaJ techniques
D + «-+D°
from E r [eV]
D°«-*-D~
from E r JeV]
Correlation energy 
UfeVl
I Jackson and Ainer[70] PDS I.2-1.3 0.8-0.9 : - : ' V  V 0.4
. ::: Jackson[67] ■'./ _ V' ■. 1.25 0.9 0.25-0.45
2 Gohen et.ai. [68] Depletion width modulated ESR 1.2-1.3 0.85 0.4-0.5
' • 3 Cohen et.ai. [72] DLTS 1.4 0.9 '■ 0.5
Group 4 Cullen et.a i.[74] DLTS and TSCAP 1.35 0.9 0.45
: A Lang et.ai. [7 5,7 6] : ' V
Cohen and Lang [71]'. ; ' ■ . ' , /' ■:: ' ,  ■ ■■"
•; ' ’ ~ 5 Jo h n s on a n d B ie ge Ise n [6 2 J Photodepopulation induced ESR I.2-1.3 0.8-0.9 -0.4: v v :
6 Johnson and Jackson[63] , Photocapacitance and photocurrent 
spectroscopy
1.2-1.3 0.8-0.9 :0.4.',. ■
7 Johnson [73] < Transient voltage spectroscopy 1.2 0.8 ■ o.4
8 Hepburn et.ai.[69] I ; Decay of interfacial charges in EETs 1.25 0.85 ; 0.4 ,
I Tanaka and -0 Jcushi[66’] ICTS 0.9 0.52 0.4 .
Okushi et.a i.[64,65] V  . - / A  ■ , V ; Vv ‘ 0.9-I.O 0.5-0.6 ; 0.4 '.V;'/''--.
■; A ';^ ./; 2 Okamoto et.al.[79] Temperature dependence of 0.86 0.46 0.4
Group
■; .A-'' ■ -■ - .  .■' , '''A . ‘ ■ steady-state photoconductivity ' ■ V
3 Spear et.al.[57] . Majority and minority carrier lifetimes 0.95-1.0 0.6 0.35-0.4
B LeComber and Spear[34] ■■■" - - V . " ' ' -  /  ■■ • ■' 1.15 0.75 0.4
4 Okamoto[77] d.c. and a.c. below-gap PPC 0.9 0.56 0.34
5 HirabayaLshi an^ Morigaki[78] PA, PADESR, ODMR 1.0-1.15 0.6-0.75 V V /  0.4
6 Schauer and KbEka [80] temperature-modulated SCLC 1.0 0.61 0.4
Group I Stutzmann and Jackson[81] ESR, PDS, and 0.95 0.75 : 0.2±0.1
c  I —— -:: V ::y'. —— transport measurement
p DS: Phototliermal DeUection Spectroscopy; ESR: Electron : Spip Resonance; DLTS: Deep-Level Transient Spectroscopy; TSCAP: 
Thermally Stimulated Capacitance; ,-IGTS: Isothermal Capacitance Transient Spectroscopy; SCLC: Space Charge Limited Current; PPG: 
Primary Photo-Current; PA: Photo-induced Absorption; PADESR: Photo-induced-Detected Electron Spin Resonance; ODMR: Optically 
Detected Magnetic Resonance;
2.3. P ro p o sed  G ap S ta te  M odel
In the previous section, several gap s ta te  models were discussed. One 
thing which needs a tten tion  in these models is th a t  m any research groups 
use nearly the same electrical param eters for the gap s ta tes  although they 
proposed different gap s ta te  models in order to analyze their own 
experim ental d a ta . The electrical param eters are as follows.
(1) density of s ta tes  for the conduction and valence bands are 
approxim ately 2 ~  5 x l0 20 l / c m 3-eV,
(2) characteristic  energies for the conduction and valence band tails are 
approxim ately 26 ~  31 m eV and 40~  52 meV, respectively,
(3) G aussian distribution of dangling bond defect s ta te  with a s tandard  
deviation of ( ) . l~  0.2 eV are used, even if the position of dangling 
bonds are still debated,
(4) the electron mobility is 1 0 ~  20 cm2/V-sec, even though this is 
considerably lower th an  th a t  inferred by Silver e t.al. [82,83] who 
obtained about 800 cm2/V -sec. A detailed critical discussion for this
. high m obility has been given by o ther research groups[49,84,85].
In this section, a gap s ta te  model will be proposed, based on theoretical 
background and reliable experim ental results. Then the model will be 
verified by comparison w ith experim ental d a ta . The proposed gap s ta te  
model for this study  is as follows ;
(a) For extended s ta tes , the m ateria l is tre a ted  as having effective densities 
of s ta tes  of 2 x l0 20 [cm-3] concen trated  a t the m obility edges[48,6lj. 
The maximum density of s ta tes  for each ta il s ta te  is taken  to be the
same as the  conduction and valence band density of s ta tes  a t the 
mobility edge.
(b) The mobility gap is taken  as being equal to the optical band gap as 
m easured from a T auc plot. Thus, we use a m obility gap of 1.72 eY 
for a-Si:H and 2.0 eV for a-Si:C:ll. Although commonly done, there  is 
little justification  for this. Jackson et,al.[48] have suggested a 
som ew hat higher m obility gap for a-Si: 11. We have not yet explored 
the consequences of varying this param eter, although there is some 
variation , between 1.7 and 1.85 eV, which occurs w ith phosphorus and 
boron doping[86,87}.
(c) The exponehtial shape of density of ta il s ta tes  begins 0.07 eV below and 
above the conduction band and valence band mobility edges 
respectively. This is obtained from the doping dependence of sweep- 
out charge discussed in Section 4.2.3. The characteristic  energy of the 
donor-like valence band  ta il is taken  to be 43.3 m eV while th a t  of the 
acceptor-like conduction band tail is 27 meV[45j.
(d) T he dangling bond defect s ta tes  are C aussian shaped w ith ad justab le  
s tan d a rd  deviation of 0.1 ~  0,3 eV, bu t the value is set up to  be 0.18 
eV for our model calculations. The positions of D-  and D 1 dangling 
bond are set up a t 0.72 and 1.12 eV below the conduction band m obility 
edge; respectively (d a ta  of Croup-B in Table 2.1). The dangling bond 
s ta tes  are capable of assum ing three charge s ta tes , positive, negative, or 
neu tra l, resulting in tw o possible transitions and th u s  tw o d istribu ted  
levels. Only positive correlation energies have been considered here. 
The detailed  distribution of the dangling bond s ta tes  as well as those of
the  donors and acceptors will be discussed ip C hapter 4.
(e) The donor and acceptor im purity distributions are also assum ed to be 
G aussian shaped with ad justab le  s tan d ard  deviation. The location and 
distribution  of the dopant im purity will be also examined in C hapter 4.
(f) The microscopic mobility for electron is taken  as 20 [cm?/\^sec] [88-9d]
although the m agnitude of the electron mobility is still 
controversial[49,82-85j. The mobility of free holes is taken  to be about 
6 [cm2/V-sec] from the thickness dependence of solar cell param eter 
study  in C hapter 6. This is appreciably higher th an  the value of abou t 
I [cm2/V-sec] which is often assumed from the earlier timemf-flight 
m easurem ents[45]. However, recently, M arshall et.al.[88] presented a
hole m obility sim ilar to be free electron mobility of 20 [cm2yV-s<ec] from 
time-bf-flight and a variety  of other electronic and optical 
m easurem ents. Hack and Shur[33] also obtained good agreem ent 
between calculated and m easured I-V characteristics of a forward- 
biased p-i-n a-Si:H diode assuming the mobilities for free electrons and 
holes of 20 and 4 [cm2/V-sec], respectively.
(g) The cap ture  cross-sections for ta il s tates and dangling bonds are 
exam ined in the photoconductivity  study of C hapter 5 and com pared 
w ith o ther published d a ta . The rest of the param eters, e.g., dangling 
bond density and un in tentional im purity dopant density for undoped a- 
Si:H film, involved in model calculations will be specified and justified in 
each case when they  are used.




Figure 2.3 Proposed density of s ta tes  w ithin the gap for th is  s tudy
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C H A P T E R  3
F O R M U L A T IO N  O F A M O R P H O U S SE M IC O N D U C T O R
T R A N S P O R T  E Q U A T IO N S
3.1. Problem  Definition
Experim ental optim ization of device design can be extrem ely expensive 
and tim e consuming* It is difficult to know which device param eters are 
actually  controlling the device perform ance. It is therefore valuable to use a 
com puter sim ulation tool beforehand in order to  analyze the effect of each 
param eter on the device perform ance for optim al design. Also, a direct 
comparison of the  operation of different solar cell designs by com puter 
sim ulation could help to determ ine which designs are best suited to a specific 
application. In order to achieve the above conditions, it is im portan t to 
understand  a-Si:H sem iconductor device physics and optimize device designs 
to improve perform ance. It is desirable to know the spatial d istribution of 
free carriers concentrations, e lectrostatic  potential, generation, and 
recom bination. A carefully constructed  com puter model provides the ability 
to see inside the device and an aid to the understanding of device 
operation.
In this chap ter, the m athem atical equations necessary for the modeling 
of a -Si sem iconductor devices are form ulated. The following section will
deal with the basic transport equations with appropriate boundary 
conditions. The last two. subsections will explain th e recombination and 
charge trapping through tail and dangling bond defect states.
3 .2 . B asic  T ra n sp o rt E q u a tio n s
Realistic modeling of amorphous semiconductor devices requires the 
simultaneous solution of the complete set of transport equations. The 
computer simulation is therefore based on the solution of the Poisson’s 
equation and two continuity equations for electrons and holes.
V 2Y [p - n  +  N „+ -  Na -  +  Ntli, +  1) (31)
V  Jp =  q(G -  R) (3.2)
v ’/  : : V .I , ,,(K -  (!) : (3.3)
where p and n are free hole and electron concentrations, N1J and are the 
ionized donor and acceptor concentrations, and




T  +  ga-e(E- Ef)/kT I +
(3.4)
(3.5)
n Il -  (E - E ll)ZicT 
Sde  .
(3.6)
- N v  ■ - : / ' r
PlI _  _ .(Ea-EJAT (:L7)
Ed , E a : donor and acceptor energy level,
Sd > Sa • degeneracy factor for donors and acceptors.
Since donor and acceptor profiles are assumed to be G aussian-shaped the  
ionized donor and acceptor can be obtained by integrating the Gaussian 
functions over the entire energy range. This will be shown in Appendices A
and B for the cases of dark and photoconductivity.
^tail is the net charge density due to  holes and electrons trapped  in the 
localized band tails, namely
N tail =  Pt -  (3 .8 )
where Pt and nt are trapped hole and electron charge density in the tail 
states. The occupation functional], for the trapped charge density and the 
recombination statistics for the tail states will be described in section 3.2.2.
D i  is the net charge trapped  in the am photeric dangling bonds (I) 
s ta tes), namely
D ± =  D+ -  D - L (3.9)
where and D are positively and negatively charged dangling states.
The occupation sta tistics for dangling bond states will be described in 
section 3.2.3 using multiple charge trapping  concepts[92].
The hole and electron currents are given by the following transport 
equations :
Jp -  -QZiPPV(V-Vp) -  kT//pVp 
Jn =  -q ,/nnV(V+Vn) + kT//n Vn
(3.10)
(3.11)n“ * V• ' •* nJ
Note th a t  the electron and hole mobilities are the free carrier mobilities as 
determ ined from tran s it tim e experiments[45|, not the drift mobilities. The 
position dependence of the  band-gap and electron affinity are accounted for 
by the band param eters, Vp and Vn, as defined by Lundstrom  and 
Schuelke[93], nam ely
'■N„
V =  —p
I
(X -X ref) +  ( E - E gref) — kT-ln
Vref
Vn =  1 (X -X ref) +  kT-ln
■ Ne [
q -^cref *V . / J
(3.12)
(3.13)
where X, Eg, Nv, and Nc are the electron affinity, energy gap, and density  of 
s ta tes  for and  valence and conduction bands, respectively. Xref, E gref, N vreP 
and Ncref are the  reference values of the above param eters;
The recom bination ra te , R, is taken as the sum of single tra p  level, ta il 
s ta te  and  dangling bond recom binations. The recom bination sta tistics  for 




r ( n+ ni) +  Tn(p+Pi) +  Rtail +  r D
(3.14)
where the  first terra is recom bination for a single trap  and p f and n f are 
determ ined by the position of the single trap  level. The second and th ird  
term s are the recom bination through tail and dangling bond sta tes ,
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respectively.
The generation term, G, is computed using m easured absorption da ta  
for a-Si:H[94]. Since the solar radiation varies with la titude, tim e of day, 
and atm ospheric conditions, standards have been established for the 
characterization of the solar spectrum . The solar spectrum  as a function of 
these conditions is assigned an Air Mass(AM) num ber. The global Air 
Massl.5[95] spectral d a ta  is used in the actual com puter code. O ptical 
generation of free carriers is assumed to be of the form
\
d<t> ~ .l°  (x)xdx
■G(x) =  " (3.15)
where
— Jo (x)xdx 





Eg : the optical gap under consideration 
4> : the incident photon flux 
a  : absorption coefficient
(3.16)
(3.17)
Equations (3.1) - (3.17) form the  complete set of equations for the 
numerical model except for the boundary conditions. The tran sp o rt of free 
carriers is assumed to occur by drift and diffusion in the extended sta tes. 
Hopping and tunneling processes are assumed to be negligible a t the room 
tem perature and the above in this model.
For com putational purposes, it is convenient to normalize the equations 
by introducing the norm alization factors as listed in Table 3.1. The 
transpo rt equations (3.1-3, 3.10-11) then can be rew ritten  as dimensionless 
quantities.
' "■ - - - V 2-Cf = P  -  B + NDt  -  Na- + N u l I + D d= : +
V-Jp = G -  R
V-Jn - R - G
Jp = -ApPV(V-Vp) -  ApVp






3 .2 .1 . B ou n d ary  C o n d ition s
It is very im portan t to realistically describe the  boundary conditions 
when modeling a-Si:H sem iconductor. As explained before, the program  
T f s s p  allows for the modeling of a cell w ith up to  7 active layers. The 
optical and electronic properties of each layer can be independently  specified 
by the user. It is assumed th a t all m etal-sem iconductor interfaces are 
ideally ohmic. The electrostatic  potentia l is set by the  applied voltage. 
H ok and electron concentrations re ta in  the ir equilibrium  values a t the 
contacts. Since ohmic boundaries are tre a ted  as D irichlet boundary 
conditions, equations (3.18), (3.19) and (3.20) reduce to a single equation by 
writing p, n, Ntail, and D i  in term s of V.
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Table 3.1 N orm alization factors
variable
position x
potential V,</>n,<^ p 
carrier concentration 
diffusion coefficient
carrier m obility /zn,/xp
norm alization factor
L r>i —











current density J n5Jp 
generation, recom bination G,R
carrier lifetime Tn,Tp





surface recom bination R s Do^nor
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- V 2Veq =  P(Veq) -  n(Veq) +  Np+(Veq) -  NA-(Veq)
+  N tail(Veq) +  D i (Veq) (3.23)
The po ten tia l a t  the ohmic con tacts can be determ ined from this equation 
by assum ing space charge neu tra lity  (V 2Vecj =  0). The application of a 
forward bias voltage, Vbias, to the  device reduces the poten tia l across the 
device by Vbias. Consequently, th e  boundary conditions on V are:
a t x =  0,
V0 = V eq (3.24)
and a t x =  L
■V L = V Leq + Y b ias.,' (3.25)
The electron and hole carrier concentrations a t ohmic contacts are set 
to their equilibrium  values
.(V1, -  V„J (3.26)
and
n eq =  e
(v,.,, + v„) (3.27)
3 .2 .2 . T a il S ta te  R eco m b in a tio n  and T ra p p in g  S ta tis t ic s
In the case of hydrogenated am orphous silicon, both theory and  
experim ent suggest the existence of localized leyeis throughout the band gap; 
These localized spates arise from the  lack of long-range order in such 
m aterials. Y 'y  ;■■■ ; • .
Rose[96] has in terpreted  th e  distributed; tra p  problem rising a semi- 
quan tita tive  approach with a good deal of success. However, such an 
approach is restricted  in the sense th a t it is difficult to obtain  quan tita tive  
results. Meanwhile Taylor and Simmons[91,97] have a ttack ed  th is problem 
on strictly  formal grounds. Their approach is quite general. The results are 
applicable to  an a rb itra ry  d istributioh of traps and an a rb itr ary d istribution 
of trap  capture cross-sections. However, they assumed th a t the 
recom bination traffic was confined to trap  levels located between the quasi 
Fermi levels for trapped  electrons, E tn, and trapped  holes, E tp, respectively. 
Later, they [169] presented a more generalized case in which the 
recom bination passes through tra p  levels th a t are initially located outside 
the energy levels E tn and  E tp.
The model which will be considered here is shown in Figure 2.3 of 
C hapter 2. The density of ta il s ta tes  is assumed to  decrease exponentially 
beginning 0.07 eV below and above the conduction and valence band edges, 
respectively. In this section, the formal SHR recom bination processes for a 
single trapping  level are applied to the am orphous sem iconductors 
containing an exponentially decaying distribution of tra p  levels in the  energy 
gap, and the general pccupation function f(E), for trapped  charges as well as 
the recom binatioh sta tistics  will be derived.
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Figure 3.1 shows the four processes which determ ine the trap  occupancy
of a discrete tra p  level.
(a) the electron cap ture  ra te  from  the conduction band by the trap  is
ra =  vfTDn N t,(l — f) (3.28)
where n is the  free electron density in the conduction band [cm 3Jj 
v is the therm al velocity of the electron [cm/sec],
<rn is the cap tu re  cross-section of the tra p  for electrons [cm2]
N t is the tra p  density per unit volume [cm-3], 
f is probability  of occupation of a given trap  level.
(b) the electron emission ra te  from the trap  to the conduction band is
rb -  enNtf ' : (3.29)
where en is the emission probability  from the tra p  for electrons [l/sec].
.(c) the hole cap tu re  ra te  from the valence band by the trap , which is the 
sam e process as electron emission to the valence band, is
J-C = v aPPNtf (3.30)
where p is the free hole density  in the valence band [cm-3],
(Tp is the cap tu re  cross-section of the  tra p  for holes [cm2].
.(d) the  hole emission ra te  from  the tra p  to the  valence band, which is the 
sam e process as electron cap tu re  from  the valence band, is
rd =  epNt(l - f) , . (3.31)
TFigure 3.1 Four transition processes associated with a particular trapping
where ep is the emission probability  from the tra p  for holes [ l/sec].
The emission probabilities en and ep can be related to <rn and Op respectively, 
from the fact th a t in therm al equilibrium,




I +  e(E|_E|''')/kT
(3.33)
where Ep0 is the  equilibrium  Fermi-level. This yields




Consider now the case of a am orphous sem iconductor having an 
exponentially decaying distribution of trap s  N(E) per un it volume per unit 
energy th roughout the  energy gap. In th e  non-equilibrium steady-state, the 
ra te  a t  which electrons en te r the conduction band equals th e  ra te  a t which 
electron leave the conduction band ; which is
—  =  G -  J  IiN(E)Il —f (E) JdE +  J e nN (E)f (E )dE =0
d t ; .-'v 'Y  .'-'e ; ■:
(3.36)
Similarly, the ra te  a t which holes leave the valence band equals the ra te  a t 
which holes en ter the valence band which is
E,
^  =  G -  J PN(E)f(E)dE +  J epN (E )[l—f(E)jdE=0 (3.37)
where Ec and Ev are the energy of the bottom  of the conduction band and of
. . . . . . . . .  ' ; v :. , v .  ■ 54 , v . v . ;  ^
the top of the valence band, respectively, and
n =  vaD n \  (3.38)
■ P =  VrrpP-; (3.39)
Equations (3.36) and (3.37) can be equated under steady-state, then
. V .  ■ V / V  E,: - . V V /  ; ■ ■■
jN (E )[enf(E)—ep[l—f(E)]—5-[l—f(E)]+pf(E)]dE=0 (3.40)
. Ev-V1- ■ '
For an a rb itra ry  distribution of traps N(E), the quantity  in brackets of the 
integrand m ust be zero. Thus the probability of occupation f(E) of a  trap  
level a t any energy E can be expressed as
f(E)
n +  ep
en +  Cp +  n +  p
Once the occupation function and density of tail s ta tes  are known., the 
trapped  electron and hole densities can be easily evaluated num erically as 
follows ;
.-: ' - E,. ■ ’ ■ , ■'.'■■■■ -
»t =: J g A(E)fA(E)dE (3.42)
- ' Ev
where '. .
V -Ba (E) =  g0 „ e (E- EJ/kTA Sa(E) < g Am„ V )
. '. -V’;' ~  SAmax Sa O )^ =  SAmax (3*43)
g^(E) : acceptor-like density of tail s ta te ,
SAmax density of s ta tes  of conduction band tail a t Ecf
Smax • ex trapo lated  density of s ta te  of acceptor-like exponential tail
to the conduction band edge,
KTA : characteristic  energy of conduction band tail, 
Ca(E) : occupation function for acceptor-like sta te . 
Similarly, .T V',
I v s ' "  V . " 1. ;v  V t V . - V ' ' V ;.v'---'- V  V  V  V
' ■ VV; Pt": =^=':' /-Sd(E) [.i— '





Sd(E) <  SDi
(3.45)SDmax Sd(E) — SDmax
gD(E) donor-like density of tail s ta te ,
SDmax : density of s ta tes  of valence band ta il a t Kv,
Stnax : ex trapolated  density of s ta te  of donor-like exponential ta il 
to the valence band edge,
KTD : characteristic  energy of valence band tail,
Cd(E) : occupation function for donor-like sta te .
The net charge in the tail s ta tes  is simply
Ntail =  Pt ~  tH (3-46)
The net ra te  of recom bination under steady-sta te  condition, through 
the ta il s ta tes , may be calculated either from  the net ra te  of electron 
cap ture  or the net ra te  of hole capture. Therefore, the net recom bination 
ra te , using equations (3.28-31), may be w ritten  as
5 6
E, E,
R ■= ■ J n N t(E )[l—f(E)]dE — J e nN t(E)f(E)dE (3.47)
Ev Ev
E,. E,.
=  / p N t(E)f(E)dE -  / epNt(E )[l—f(E)]dE (3.48)
Ev Ev
where n, p, eD, ep have the same meanings as before. Nt is, however, the 
sum of acceptor- and donor-like tail s tates, defined as (3.43) and (3.45) 
respectively, namely, Nt =  gA(E) +  gD(E).
Substitu ting for the occupation function f(E) derived in (3.47) or (3.48), then
E,.
R  = J  N1(E)
Ev
11P ~  enep 
h  +  p +  eu +  ep
(3.49)
R earranging equation (3.49) after substitu ting  for n, p, en, and ep yields
(np -  rij2)vthE,.
/ M E ) -
Ev n + N ce'(E—E,.)/kT p + N ve(Ev—E)/kT
CTn
(n p  — iij2)v lh
+  SD<E)' n+N ee(E-E,)AT  ^ p+ N ^(E .-E )7i?rldE (3-5°)
. ,Tpd ‘hid
where gA(E) and gp(E) are acceptor- and donor-like s ta tes  as defined before,
aPa(aPd) a n d aIia(aDd) are cap tu re  cross-sections for hole and electron 
through acceptor-like(donor-like) tail s tates, and
Bj is intrinsic carrier concentration.
3 .2 .3 . D an glin g  B ond R eco m b in a tio n  and T ra p p in g  S ta t is t ic s
As m entioned in the previous section, a set of s ta tes  associated with 
dangling bonds, in addition to the ta il s ta tes , is also assum ed to exist in the 
band gap. These levels are commonly referred to as D levels [98 j. Each 
defect site is available for occupation by zero, one or two electrons, labeled 
D+, D0 and D , the superscripts denoting the to ta l charge of the defect site.
F irst of all, general equations will be derived by following the formal 
recom bination statistics a t a m ultiple level defect center. We will apply the 
form ulation to the specific dangling bond sta tes . The following assum ptions 
have been made for the derivation.
(1) Once the carrier is captured , it will not be em itted  from the excited 
s ta te  to the conduction band.
(2) A similar assum ption is also m ade for the  emission and  capture  
processes involving holes.
(3) The electron and hole gases are non-degenerate.
(4) The relaxation time of a defect is short com pared to the average time 
: between change of charges.
(5) T he Auger recom bination process is negligible.
The dangling bond defect has two transition  energy levels in the gap 
corresponding to single and  double occupancy, the reference charge 
condition, s—0, is chosen to coincide w ith a neutral condition of the  defect 
center containing a single electron, which forms a D0 center a t an  energy 
E(0). When D0 states lose their electrons, they become positively charge D+ 
centers, and the neutral energy levels a t E(O) will be transform ed into D
centers a t E (-—). D0 sta tes  can also gain an electron, then the  n eu tra l sites
+
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a t E(O) will be transform ed into D centers a t E(-^-). The notation E(s+-^-)
represents the effective energy level involved in the cap ture  and emission of 
electrons and holes and is not associated with a single charge condition, s, 
bu t is related to both the initial and final charge conditions, s and s + 1, 
respectively, of the defect center during the electron capture process a t a 
center in the s charge s ta te  or the hole capture process a t a center in the
(s + l) th charge s ta te . A sim ilar argum ent can also be made for E(s- —)
2
associated with the charge conditions, s and s-1, for hole capture process in 
the S' charge s ta te  or the electron capture  process in the (s+1 )^1 charge 
s ta te  respectively.
Note th a t there are two energy levels involved in this case; E (s+ —) and
2
E(s- +  in the dangling bond s ta tes  as shown in Figure 3.2. The four £
transition  processes cause the charge s ta te  of the center to make the 
transition  from s = l  to s = 0  or from s = 0  to s =  I related to the transition
energy level E (~ ) . There are also, on the other hand, four transition
processes related to the E(-^-).
The ra te  of the four transition  processe
E (s+ —) are
involving the energy level
(a) ra te  of electron capture by defects from the conduction band initially in 
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s - ^ s + i  nDsc(n,s) (3.51)
(b) ra te  of electron emission by defects to the conduction band initially in 
the ( s + l) tl1 charge s ta te
Ds+1e(n ,s+ l) (3.52)
(c) ra te  of hole capture by defects from the valence band which is the same 
process as electron emission to the valence band, initially 'm the (s + l) th 
charge s ta te
. . S+1—>s p 0 s+ic(p>s+ 1) (3.53)
(d) ra te  of hole emission by defects to the valence band, which, is the same 
process as electron cap ture  from the valence band, initially in charge the 
Stt charge s ta te
s—^ s+ 1 E>se(p,s) (3.54)
The net electron capture ra te  is (a) - (b), given by
R (n >s+ ~ )  =  nDsc(n ,s) ~  Ds+ie(n ,s+ 1) (3.55)
and similarly, the net hole capture ra te  is (c) - (d), given by
R (p ,s+ ^-) =  pDs+1c(p ,s+ l) -  Dse(p,s) (3.56)
The ra te  coefficients c(n,s), e (n ,s+ l), c(p,s-|-l), and e(p,s) which characterize 
transitions between charge condition s and (s+ l), m ay be related to each 
other using the principle of detailed balance a t therm al equilibrium. By 
setting equations (3.55) and (3.56) to zero, then
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D s +1 1I0 C (I l jS)
Ds e(n ,s+ l)
(3.57)
7 S -M e (p ,s )
p 0c (p ,s + l )
(3.58)
From  equations (3.57) and (3.58),
noPoc(n >s)c(P>sdM  =  e(nJs+ l)e(p ,s)
ni2c(n ,s)c(p ,s+ l) =  e(n ,s+ l)e(p ,s) (3.59)
1
Let us introduce the energy level E (s+ —) which is associated with the
2
transition  betw een charge condition s and s+1. The equation for E (s+ —)
2
can be derived from equation (3.57) or (3.58) [98]. From  equation (3.57),
e (n ,s+ l)
c(n,s)
I ~  f  rT
—  -  I  
fx
(3.60)
w h e r e
T 1H_e(E.-Ed/kX




j E ,- E r)/kT _  N  .e (E,-E,.)/kT (3.62)
If one defines E t as E (s+ —),
2
62
E (s+ —) =  Ec +  kTln e(n ,s+ l)
Ncc(n,s)
(3.63)
A similar derivation can be made for E (s+ —) from equation (3.58) as
2
E(s+^-> =  Ev +  kTln
Nvc(p,s+1)
e(p,s) (3-64)
Equations (3.63) and (3.64) can be rew ritten as
e(n ,s+ l) |E(s+-)-E,|/kT I
c(n,s) = Nc ' - " ( 3 + ^ ) (3.65)
_ ^ l _ = N o |E- E(s+I )1/kT =  pf3^ l ,
c (p ,s+ l). l v “ - P l ^ 2 /
(3.66)
The emission coefficients e(n ,s-fl) and e(p,s) can be expressed in term s of the 
capture coefficient and position of the dangling bond sta te .
Ds-t-i I
Now, one can readily obtain  the ratio  ------  in term s of E (s+ —),
Ds 2
anc  ^ P(s+T~) us*nS equations (3.57), (3.58), (3.65), and (3.66) as
Z.. ,Z
As+1
n (s+ —) 
V 2 '




for equilibrium. The equilibrium  statistics can be derived from the general 
non-equilibrium  sta tistics by changing n, p to nQ, p0 respectively as shall be 
shown next.
The net ra te  of recom bination may be calculated either from the net 
ra te  of electron cap ture  or the net ra te  of hole capture. The equality of
these two net ra tes for any transition  s —► s+1 and s+1 —*■ s is, in fact, a 
consequence of the steady-sta te  condition described as follows;
(overall net ra te  of transition  s s+ l)  =  (net excess of electron capture 
over electron emission) - (net excess of hole capture over hole emission) 
Therefore, the net recom bination ra te  may be w ritten  as
R(s+ —) =  nDsc(n,s) ^  E>s+1e(n ,s+ l) (3.68)
pDs+1e (p ,s + l) -  Dse(p,s) (3.69)
In order to evaluate  R (s-f—) which is a function of the non-equilibrium free
■
carrier densities n and p, the value of Ds and Ds^ 1 m ust be determ ined. 
The to ta l transition  ra te  from s to s+1 resulting from electron capture and 
hole emission for the Ds defects in charge condition s m ay be w ritten  as
v i  ■
Ds[nc(n,s) +  e(p,s)] — Dsc(n,s)[n +  n (s+ —)] (3.70)
where
"  2 ;  c(n,s) c(d,s) 1' : ' e
(E*(s+-) - E v]
(3.71)
Similarly, th e  to ta l transition  ra te  from s+1 to s is
f t e  i c (p ,s+ l) [p +  P * (s+ y ) | (3-72)
where
nVs ,_M =  ^ 11'8+ 1)
( 2 ' c (p ,s+ l)
* I
In this case, E (s-f-—) is now
Ic(n,s)n(s+—) 
e(p ,s+ l)
[Ev -  E*(s+—)]
Nv-e
E (s+ ~ )  =  2E i -  E(s+-^-) -  kT-ln
c(n,s)
l ( p , S  +  l)
(3.73)





Under s teady-sta te  conditions, the two to ta l rates of transition  (3.69) and 
(3.70) lead to the ratio DS;1/D S as
) 41 c(n,s)[n +  n^s+ ^-)]
7s+l________ 2
Ds ; c(p,s+l){p +  p*(s+-^)J
(3.75)
For a given non-equilibrium situation, the : ratio  Ds+1/D s can be obtained 
from a known function of non-equilibrium carrier densities n and p. As 
explained before, equation (3.75) is also valid for the equilibrium situation  
by changing non-equilibrium carrier densities n and p to equilibrium
densities nQ and pQ. This can be easily proved by substitu ting  n (s+ —) and
2
* I'
P (s+ ^ )  into the equation (3.75), then the equation can be rew ritten  as
equations (3.57) and (3.58). The application of this transform ation  for 
calculating D+, D , nnd D0 a t  equilibrium will be shown in Appendix A.
The net steady-sta te  ra te  of electron or hole capture for the transition  
betw een s and s-fl can be expressed in terms of n, p, and capture  cross-
65
sections. Substituting Ds+1 from the equation (3.75) into the net 
recom bination ra te  equation (3.68) using e (n ,s+ l), then one can obtain
i pn — m
R (s+ T )  =  Dsc(-n,s)---------------- —
P +  P > + f )
(3.76)
Similarly,
1 P n — n i
R ( s + - )  =  Ds+1c(p ,s+ l)------------— —
2 n +  n * (sU -)
. 2
(3.77)
Using equations (3.76) and (3.77), one can also solve for Ds in term s of n, p, 
the capture cross-sections, and  the tota.1 dangling bond defect s ta te  density,
■total? namely
* I
D total^P^+iM P+P (s+ ^ ) ]
c(n,s)[n+n*(s+“r)] +  c(PJs+ 1)[pH-p*(s+-^-)]
Z  Z
(3.78)
The steady-sta te  recom bination ra te  can be obtained by substitu ting  
(3.78) into (3.68) or (3.69).
r d(s+ 2_) =  (Rs +  I W
vthc(n,s)c(p,s-t-l)(pn—n 2)
c(n,s)[n+n*(s+^-)] +  c(p ,s-H )jp+p*(s+“ -)]
(3.79)
This expression is identical in form to th a t for single-level SHR 
recom bination except th a t th e  to ta l concentration of the dangling bonds,
^totalr in the single-level expression is replaced by (Ds+D s ,,). Since the
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dangling bond profiles (Ds and Ds+1) are assum ed as G aussian-shaped 
distributions the to ta l recom bination through dangling bonds can be 
obtained by integrating the G aussian function over the  entire energy range.
3 ,3 . S u m m a ry
In this Chapter, the three nonlinear p a rtia l differential equations with 
appropriate  boundary conditions which m ust be solved to model the 
operation of a-Si:H devices have been discussed. The charge trapp ing  and 
recombination statistics through tail and dangling bond s ta tes  were also 
described.
The analytic solution of these equations is not feasible for p ractical 
device geometries. Therefore num erical techniques are needed to further 
increase our understanding of the device physics and to  optim ize device 
design to improve perform ance. The description of the  num erical techniques 
and methods for com puter sim ulation which are used can be found 
elsewhere[l00-102].
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C H A P T E R  4
T H E  R E L A T IO N SH IP  R E T W E E N  D O P IN G  A N D  D A N G L IN G  B O N D S
4.1. In tro d u ctio n
As explained in C hapter 2, the characteristics and distribution of 
localized states, in a-Si:Ii have been studied using a wide Variety of 
experim ental techniques (see section 2.2). These studies have dem onstrated 
the existence of a large density  of a gap states, and their role as trapping 
and recom bination centers. In particu la r, a variety  of experim ents indicates 
th a t a significant density of dangling bond is introduced when m aterial is 
singly doped w ith phosphorus or boron, b u t not in com pensated m aterials. 
However, there is still a controversy ab o u t the density and distribution of 
the dangling bond defect s ta tes  which occur near midgap.
One of the most striking observations related to the dangling bond s ta te  
of singly doped a-SirFI is th a t  the density depends on the dopant 
concentration through its effect on the position of the Ferm i 
energy[37,59,75,103,104], In o ther words, the defect creation is thought to be 
a result of the shift of the Ferm i energy ra th e r than  an im purity disordering 
effect and. changing the bonding stru c tu re  between dopants and deep defect 
states. This problem  has been addressed qualitatively by S treet [37], based 
on the defect-com pensating model of doping which is a modified M o tt’s 8-N
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ru Ie* 105!. The model proposed by S treet j37] is th a t  quasi-equilibrium 
between 3-fold coordinated electrically inactive phosphorus^Pg0), 4-fold 
coordinated electrically active phosphorus(P4+) and the negatively charged 
dangling bond site(D~) is established during film deposition according to the 
chemical reaction,
P 30 O  IV  +  D" (4.1)
In fact, this reaction is a two step  processes ; the 4-fold s ta te  liberates an 
electron in to  the  conduction band, and then the presence of the conduction 
band electron causes the  form ation of a dangling bond. From  the law of 
mass action^ -
(N0 -  ND)/N D* =  const (4.2)
where N0 is the to ta l phosphorus concentration,
N d is density of P 4+ and the equal density of D sta tes.
Provided th a t  th e  doping efficiency is low (N d« N 0), it follows th a t
Nd o< [N0]1/ 2 (4.3)
so th a t donor and dangling bond density are predicted  to increase as the 
square root of the phosphorus concentration. Similarly, the doping
efficiency N p/N 0 is predicted  to  be IoW w ith a concentration dependence of
Nd ' ''
x  [N0] - 1/2 (4.4)
Both effects m ake doping increasingly inefficient and cause the  Ferm i energy 
Ef to become pinned between the P 4 + and the D levels. The essential 
fea tu re  of the model is th a t  phosphorus can take  on a doping configuration
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only if there is corresponding com pensating sta te . Thus the dangling bonds 
are an integral p a rt of the doping process [59] and can not be considered as a 
separa te  property  of the m aterial.
Let us obtain  a more precise relationship between doping and dangling 
bonds by examining the model proposed by S tree t[37]. From  equation (4.1), 
one can im m ediately find the relationship between the dangling bonds and 
four-fold coordinated phosphorus. The positive ionized donor concentration 
is equal to the negatively charged dangling bond sites;
Np+ = D -  (4.5)
A more rigorous expression of equation (4.1) can however be w ritten  as
P 30 O  P 4+ +  P 4-  +  P 40 +  D “ +  D+ +  D0 (4.6)
In this case, the relationship can be put as to ta l donor concentration is 
equal to  the to ta l dangling bond density;
Np. D^Qta] (4-7)
E quation (4.6) reduces to equation (4.1) under the assum ption th a t P 4~, 
?4 4+> anc  ^ D0, D+< < D  for P-doped samples. The validity  of this
assum ption and the two different constrain ts (4.5) and (4.7) to the dangling 
bond density will be discussed in detail in the next section.
The sam e argum ent can be applied to boron doped samples by replacing 
B and Na for P  and Nd , respectively. One can simply rewrite equations 
(4.1), (4.5), (4.6) and (4.7) for B-doped films as
B30 0  B4+ +  D +
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. / N a- = D +  (4.8)
and
B.,' I'.,' • H1 • I'./ • I' • H' • II"
Na =  Dlolll (4.9)
Recently, S treet et.al.[58,6oj have extended the doping model to explain 
the presence of occupied band-tail s ta tes , and showed the consistency w ith 
"time-of-flight" m easurem ents. The experim ental technique will be described 
in section 4.2.3. The charge swept out by the voltage pulse in their analysis 
is '■
I 1 =  Ndop- D lolal (4.10)
where Ndop is doping concentration, Dtotal is to ta l dangling bond sta te
density. Their approxim ation is valid to some extend. However, for a more 
exact analysis, the free electron and unionized donor concentration must be 
considered. This will be discussed in section 4.2.3.
M uller et.al. [106] have calculated the dark conductivity, the electron 
spin resonance(BSR) signal and the optical absorption of doped a-Si:H using 
a simplified density of s ta te  model and compared it with experim ental d a ta  
to te st the general validity  of S tree t’s auto-com pensation model. However, 
they ex tracted  the dangling bond density by fitting the model calculations to 
the experim ental d a ta  w ithout applying any constrain t to dangling bond 
sta tes  in term s of doping concentration.
R. M eaudre and M. M eaudre[l07] studied the dark conductivity as a 
function of tem peratu re  using the density of s ta te  model proposed by
K akalios and S tree t[61] They discussed the activation energy and pre-
exponential factor in different tem perature ranges for the  specific 
relationship between the doping concentration and the defect density which 
are the functions of tem perature.
The aim of this chap ter is to  discuss the doping and tem perature 
dependence of the dark conductivity of a-Si:H using the gap s ta te  model 
proposed in C hapter 2 under the specific constraint of dangling bonds which 
are dependen t:on the doping concentration . An analysis and calculation for 
the doping dependence of th e  sweep-out charge is also Carried out. Then the  
calculations are compared with published experimental results to evaluate 
the relationship between the doping and the dangling bond states, as well as 
energy levels, and distribution of the gap states.
D etailed tnodel Calculations for dark conductivity as a function of 
doping and tem perature  will -be !presented in Appendix A. A comparison 
between calculations and experim ents will be made in section 4.2. The 
param eters, <rD, aA of the donor and acceptor im purity distributions, and <T(is 
of the dangling bond distribution, were varied system atically to fit the 
experim ental d a ta . The energy levels of the dangling bonds were also 
examined to obtain  good agreem ent with the experiments. This will be 
discussed in the next sections. In section 4.3, our results will be compared 
with o ther model calculations. Finally conclusions will be drawn in the 
sum m ary section.
4.2 . R esu lts  and D iscu ssion
4 .2 . i .  D op in g  D ep en d en ce  o f  D ark C o n d u ctiv ity
Several research groups[l06,108-112] have observed th a t room 
tem peratu re  conductivities for rf-glow discharge phosphorus doped films tend 
to sa tu ra te  a t a level of about IO-2 j I / i  2-cin] despite a phosphorus doping 
level of I %  or higher. O ther groups[ll3-115] observed th a t dark 
conductivities for chemical vapor deposition(CVD) films sa tu ra te  a t a level 
one order m agnitude larger than  for glow discharge samples. Significant 
inferences associated w ith the relationship between the dangling bonds and 
the doping m ay be drawn from these experirnental observations. This work 
is limited to rf-glpw discharged filjns. :V-';
The first relationship, equation (4.5), between doping and dangling bond 
density  proposed by S tree t[37] was changed to Dt6tal Nd+ in the model 
calculation because the negatively occupied dangling bond density is 
com pletely dom inant over the D0 and D+ density. Therefore, in the model 
calculation, the above constrain t along w ith other constraint, equation (4.7), 
for phosphorus doping dependence of dangling bond density were applied, 
such as;
F irst of all, let us try  to explain the phenom ena of the dark  
conductivity saturation(see Figure 4.5) using the two different constrain ts by 
m eans of physical intuition before going into the detailed calculations. The 
first constrain t always produces a sm aller num ber of negative dangling 
s ta tes  th an  positive ionized donors because the to tal dangling bond s ta tes  
are the  sum of I) , D0 and D+. Thus, this makes negative charges (e.g., free
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electron and occupied tail s tates) keep increasing moBbtonica'lly ''with 
increasing doping density until charge neu tra lity  is satisfied. Consequently, 
the conductivity is not sa tu ra ted .
The second constraint is somewhat different from the first. Since the 
total dangling bonds' are set equal to the total doping concentration, the 
number of ionized donors are less than the negatively charged dangling 
bonds at a certain doping level, In such cases, negative charges (free 
electron and the negatively occupied tail states) are no longer increased at a 
certain doping concentration in order to satisfy charge neutrality. 
Therefore, the conductivity begins to saturate at a certain doping level 
because the conductivity is determined by free electron concentration.
Before going on with the detailed numerical calculations, one has to find 
the correct relation between the gas phase doping ratio (PHg/StfT, or 
B^H-g/SiH^) and the four-fold coordinated concentration in order to compare 
the results with experiments.
B-) P-) and As-doped a-Si:H[37,59] as well as B- and P-doped a- 
Ge:H[116] prepared by rf-glow discharge technique show a square-root 
dependence of doping efficiency r/ on the gas phase dopan t concen tration . In 
1982, S tree t[37] proposed a doping model in the form of a modified 8-N rule 
for charged species as explained in section 4.1. However this doping model 
can only explain the doping systems where the dopant incorporation in the 
sample is linear with gas phase concentration. Recently, S tu tzm ann [116] 
dem onstrated th a t this square-root dependence o f doping efficiency is not 
applicable to  other systems such as As in a-Si:H or P in a-Ge:H. Thus, he 
proposed a new doping model by taking into account the plasm a-solid
7 4 '
interaction, and the square-root dependence is on gas-phase ra th e r than  on 
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(4.11)
where O4 : atomic concentration of active (4-fold coordinated cone.) dopant 
atom s in the solid phase (e.g., N (P4)/N (Si) or N(B4)/N(Si))
CsoJ : to ta l atomic concentration of a dopant in the solid phase (e.g., 
N(P)/N (Si) or N(B)/N(Si))
Cgas : gas phase concentration of a dopant gas (e.g., PH 3/S iH 4 or 
. ; B2H6ZSiH4)' .
The experim ent d a ta [ll6 ] for P- and B-doped films were digitized and back- 
calculation from equation (4.11) was perform ed to  obtain  the relation 
between the dopant gas-phase and the  4-fold coordinated concentrations as 
listed in Table 4.1, namely
N (P4) =  -Itol CE„  N(Si) (4.12)
These values for P-doped are similar to those, for B-doped samples. 
Throughout this work, the relationship between dopan t gas and 4-fold 
coordinated concentration given by equation (4.12) and Table 4.1 have been 
used for P - and B-doped a-Si:H films.
Now let us examine the doping dependent dark  conductivity using 
numerical calculations. Since the D-  charge never exceeds the ND+ 
concentration under the N D+ -  Dtotal condition, the equilibrium  free 
electron concentration(n0) as well as the conduction band ta il s ta te
charge(nt) increase m onotonieally w ith doping to fulfill the charge neu trality  
condition as shown in Figure 4.1.
Table 4.1 Relation between gas-phase doping and 4-fold coordinated 
dopant concentration (N(Si) — 5.0E22 [atom s/cm 3]).
dopant gas phase cone. to ta l doping eff. 4-fold coord, cone.
I OE-2 6.3E-3 3. IoE 18
I OE-3 2. OE-2 1.00E 18
I .OE-I 6.4 E-2 3.20E17
Tb::. l.OE-o . 2.2E-1 1.1OE17
However the situation  under N0 =  Dtotal is som ewhat different from the first 
case. A s-shown in Figure 4.2, I) charge begins to exceed N p+ a t a doping 
level about IO18 [cm 3]. Since th e  equilibrium  free electron concentration 
begins to level off a t a  doping level near IO18 [cm-3] to satisfy the charge 
neutrality  condition, the conductivity  is au tom atically  sa tu ra ted . Here and 
throughout the thesis, the Np — DtotaJ relationship has been used in those 
cases where intentional im purity doping is considered.
The next question is, which parameters control the magnitude of the 
saturated conductivity. In order to examine this systematically, the 
equilibrium Fermi levels are plotted against the doping coneentrations for 
various model parameters as shown in Figures 4.3(a)-(d). One can estimate 
the Fermi level from the experimental data of the saturated conductivity at
D = 0.72 D V 1 .12
dsigmaj = 0.18 eV3 sndj = 0,06e 
eacorn = 0.07 eV, E = 1.57 eV
o  1 0
V 1 1 !I IiJj i l l  m i i |i I i l Iillj
Doping CDneentration N Dv[cm ]
Figure 1.1 Charge distribution  as a function of doping concentration for 
N p+ =  Dtotal using the param eters listed in Table 4.2.
Dt = 0.72 D'= 1.12
dsigmaj = 0.18 eV, sndj* 0 .06€ 
eacom = 0.07 eV, Ep,= 1 .57 eY1
o 10
I 111Iiiij I i I i Iiiij s l iinuj n  11 mii| i 111 iiii|
Doping ConGentration N D [cm"d ]
Figure 4.2 Charge distribution as a function of doping concentration for 
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Figure 4.3 Equilibrium Fermi-level versus doping concentration; (a) for 
donor energy levels, (b) for w idths of doping profiles, (c) for 
w idths of dangling bond defect profiles, (d) for energies below 
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Figure 4.3 continued
a doping level near IO18 [crn 3i .  The Ferm i energy level should be 
0,2 m 0.25 |eV] from the conduction band edge for a doping concentration 
greater th an  IO ^ [cm-3 ]. ■' Based on these figures, the  sa tu ra tio n  a t the 
observed doping levels is mainly determ ined by the donor energy Ievel(Ej)) 
and the w idth of the doping energy profile(sndj) as shown, in Figure 4.3(a) 
and (b), although each model param eter (e.g., dsigmaj, sndj, Ed and eacorn) 
is correlated w ith  the o ther. Figure 4.3(a) sliows the Ferm i levels p lotted 
against the doping concentrations for various donor energy levels. As the 
donor levels get closer to E c the sa tu ra tio n  occurs a t  higher doping levels 
under the fixed value of o ther param eters (e.g., dsigmaj, sndj, eacorn) 
because D-  charge slowly takes over Nd + due to the Fermi level shift toward 
the conduction band edge. It is obvious th a t  sa tu ra tio n  eventually occurs 
a t high doping levels because /the Ferm i level becomes pinned between the 
dangling bonds and the donors. Saturation  a t lower doping levels for 
deeper donor levels can be explained in the Same fashion.
/ /  A sim ilar argum ent can be made for the family curves of the doping 
w idth(sndj) shown in Figure 4.3(b). As the doping profile gets wider, the 
sa tu ra tio n  occurs a t lower i doping levels because the I) charge once again 
quickly overcomes the N p+ concentration. ;■ This, of course, causes a lower 
sa tu ra ted  conductivity due to the shift of the Ferm i levels away from  E c.
Turnirig to  the  family of curves for the dangling bond width(dsigm aj), 
the on-set of the sa tu ra tion  is riot significantly affected by dsigmaj until the 
dangling bond w idth is quite broad (dsigmaj >0.4 eV) or narrow  
(dsigma,j<0.1 eV) as shown in Figure 4.3(c). The sa tu ra tio n  occurs alm ost 
a t th e  sam e doping concentration between d s ig m a j--0.4 and 0.1 eV although
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the overall m agnitudes of conductivity are different.
The energy below the conduction band(eacorn) where the conduction 
band ta il begins does not affect the m agnitude of the dark conductivity 
when doping concentrations are above IO18 [cm 3]. However the m agnitudes 
of the dark  conductivity slightly changes for different value of eacorn when 
doping concentrations are below IO18 [cnT3]. The value of eacorn is 
determ ined by examining the doping dependence of sweep-out charge.
It should be m entioned th a t the transition energies of 0.72 and 1.12 eV 
(from Ev, which is Group-B in Table 2.1) for the singly (D+<^> D0) and 
doubly (D ° o  D“ ) occupied dangling bonds have been used for the above 
model calculations. However the model param eters should be reevaluated 
in order to satisfy all the requirem ents related to the doping dependence of 
dark  conductivity  for other transition  energies [for example, 0.47/0.87 eV 
(Group-A in table 2.1) and 0.77/0.97 eV (Group-C in Table 2.1) for singly 
and doubly occupied transition  energies, respectively]. This will be discussed 
in section 4.3.
The best values for dsigmaj, sndj, Ed and eacorn along with the other 
param eters obtained from the above analysis are listed in Table 4.2.
Figure 4.4 shows the excellent agreem ent between calculations using the 
param eters in Table 4.2 and experim ent throughout doping range. The dark 
conductivity under the N0 + =  Dtotal condition is also depicted for 
comparison.
Now consider the effect of boron doping. The intrinsic dark  
conductivity  of about 10~n  [l/ft-cm ] can be increased to H T 2 [l/H-cm] a t 
gas phase doping levels of IO-2 ppm  w ithout satu ration , which is in contrast
Table 4.2 P aram eters used in the model calcu lated  dark  conductiv ity
param ete r value
donor energy level from Ev(Ed) 1.57 eV
stan d a rd  deviation of dangling bonds(dsigm aj) 0.18 eV
stan d a rd  deviation of P-doping profile(sndj) 0.06 eV
energy below Ec a t which conduction band tail begins(EACORN) 0.07 eV
energy above E v a t which valence band tail begins(EDCORN) 0.07 eV
energy gap(Eg) 1.72 eV
D + tra p  level w rt E V(ET.D+) 0.72 eV
D-  tra p  level w rt E vr(ET.D-) 1.12 eV
positive correlation energies(U) 0.4 eV
charac te ris tic  energy of valence band tail(K TD ) 43.3 mV
charac te ris tic  energy of conduction band tail(K TA ) 27 mV
conduction and  valence band effective density  of s ta tes(N c,Nv) 2x1020 cm -3
density  of ta il  s ta tes  a t E = O  and E c (gDmax, gAmax) 2x l0 20 cm-3
electron m obility(//n) 20 cm 2/V -sec
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Figure 4,4 Room tem peratu re  dark conductivity as a function of 
phosphorus doping concentration for N0 = D total and 
Nd =Rtotal (Experim ental d a ta  were taken  from [106]),
to the P-doped films (see Figure 4.5). The interesting feature is also seen 
th a t, initially, (lark conductivity slightly decreases to about IQ.-12 [l/H-cm] 
from the intrinsic conductivity. This can be explained using the proposed 
gap s ta te  d istribution . In an undoped sample, the equilibrium Ferm i level is 
between the transition  energies of D* and th a t  of D-  a t about 0.8 eY below 
the conduction band. This is the result of the transition  energy levels D+ 
and E)-  in the gap s ta te  modeling being 0.72 and 1.12 eV from the valence 
band, respectively. The dark  conductivity is thus determ ined by the
number of electrons in the conduction band because the equilibrium Fermi 
Ievel(Ef0) is still slightly above mid-gap. However a small amount of boron 
doping pulls Ef0 to midgap,' and the conductivity sightly decreases due to the 
reduction of free electron concentration. In other words, electron transport
persists until the sam ple turns p-type. Once the product of hole mobility 
■and hole concentration ,is larger than  the product of electron counters 
(p/xp> n /(n), hole conduction: has taken  over throughout the doping range, 
and  the dark  conductivity increases up to IO-2 [l/ITcm ] w ithout satu ration .
N on-satU rated dark conductivity a t high doping levels indicates th a t  
the boron acceptor level and distribution is either shallow or narrow, based 
on the previous analysis (see Figure 4.3(a) and (b)). It is generally believed 
th a t  the  Energy levels and distribution of the dangling bonds do not depend 
upon w hether the m aterial, is E-dbped or B-doped; S tree t[58] also pointed 
out, based; on the absence of byperfine splitting in ESR m easurem ents, th a t
the a c c e p to rT s sufficiently shallow th a t its occupancy is too low to be 
detected , lie  also explained th a t  the acceptor levels would be broadened by
disorder in much the sam e way as the band, ta il.. However, the la tte r
explanation is not supported by the present model becaUse a broad the 
acceptor doping profile would push Efo farther from the valence hand. This 
would lower the dark conductivity below the experimentally observed values. 
It would also cause dark conductivity satu ration  a t low doping levels as in 
P-doped samples. His alternative explanation related tp this problem is 
more consistent with our model which is th a t the hyperfme splitting  may be 
too small to be resolved by the ESR.
Figure 4,5 shows good agreem ent between calculation and experim ent 
for P- and B-doped sides, using the param eters listed in Table 4.2. The 
values of acceptor energy level and distribution width are 0.05 eV and 0.01 
eV in the model calculations, respectively. As explained above, the  dark 
conductivity decreases slightly from intrinsic samples to lightly doped boron 
samples. Then the dark  conductivity keeps increasing alm ost up to 10 2 
[ l / I I -cm]. Deviation from the experim ent can be seen a t a gas phase doping 
level (B2Hg/SiH4) of I vppm. This discrepancy may be due to overestim ated 
doping concentrations, or struc tu ra l inhomogeneities, especially with 
boron[81 •.
•  Experiment 
— Calculation
I-OG [ B2 H6 /SiH 4 (vppm)] LQG [ RH 3 / SiH 4 (vppm)]
Figure 4.5 Model calculated  dark  conductivity: with the experim ental 
results as a function of gas phase doping concentration 
(Experim ental d a ta  were taken  from [106]).
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4.2.2. Tem perature Dependence ofD arkG onductiv ity
The tem peratu re  dependence of the dark conductivity is a very useful 
tool for analyzing the electronic transport properties of a-Si:H films. Doped 
am orphous sem iconductors are of particu lar interest because doping can 
have a profound effect on the tem perature dependence of the conductivity. 
A typical example is connected with the "kink" in the tem peratu re  
dependent conductivity for P-doped a-Si:H films a t doping level sm aller than
1,000 ppm as seen in Figure 4.6. Such studies have provided an 
understanding of the effect of doping, density of states, and transpo rt 
mechanism  in different tem perature regimes, and also allows one to te st the 
validity of the assum ptions which are used in the theoretical models. A 
num ber of studies have been devoted to understanding these problems. 
However the detailed in terpretation  of the pre-exponential factor of the 
electrical Conductivity(O0), activation energy(Ea) and the Meyer-Neldel rule 
based on the relation between observed O0 and E a, still has m ajor 
fundam ental problems. Bulk conductivity da ta  (a=<T0-exp(-Ea/k T )) of both 
the undoped and doped amorphous semiconductor samples show a 
correlation of the dependence of <r0 on E a which can be w ritten  
O-Q=A-Cxp(BEa) w h ere A and B are constant. This exponential dependence 
of a0 and E a is known as Meyer-Neldel rule.
In this section, the tem perature dependence of the dark conductivity is 
examined to test the one-to-one Correspondence doping model proposed in 
section 4.1. The prefactor of the conductivity, activation energy and the 
Meyer-Neldel rule are also discussed briefly based on a comparison between 
experim ent and calculation.
1 O =
1 .5 x 1 0
Nrt=SSxIO
■ •  a Experimental 
□ o a Gomputed
Temperature 1000/T [K ]
Conductivity as a function of l / T  for three different P-doped 
a-Si:H films w ithout hopping conduction (Experim ental d a ta  
were tak en  from  [61]).
Figure 4.6
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Dark conductivity as a function of tem perature  was calculated  for. three 
different gas phase doping concentrations using the param eters listed in 
Tabid 4.2, and then compared with the experim ents o f K akalios and 
■Street[61]. As shown in Figure 4.6, excellent agreem ent between experim ent 
and the calculations is seen a t low doping concentrations (10 5 pprn) while 
the deviations become gradually more pronounced in the low tem peratu re  
regime as doping increases. The deviations are thought to be due to 
conduction dom inated by a hopping mechanism made possible by the 
overlapping wavefunctions of the dopant atoms.
Jones e t.al.jl 17' and Spearjl 11,112] estim ate th a t the centroid of the 
donor band is about 0.13 eV below tne conduction band. This is exactly the 
center of the donor band estim ated by LeGomber e t .a l .[118] from Hall effect 
m easurem ent in heavily doped m aterial. Recently S tu tzm ann and 
Street [119] report th a t the energy of donor s ta tes  identified via their 
characteristic hyperline structu re  by ESR technique is abou t 0 .1 5 ~  0.2 eV 
below the conduction band mobility edge for phosphorus gas phase doping 
larger than  10 ppm. The above estim ated donor s ta te  energies are 
encouragingly close to the values used in the present model (Ed=-O. 15 eV 
below Ec). This value of 0.15 eV was independently determ ined in this s t u d y  
from an analysis of the doping dependence of the dark  conductivity.
The conductivity in the case of hopping tran sp o rt through a band 
centered a t an energy Ed can be w ritten  as
[(Ed-  Ef)+W] w
ET I VT
0H -  crOlLc =  c7OH 'e (4.13)
where Ef is the position of Fermi level, Ed is the centroid of the band, W is
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hopping energy, and <roH is the hopping p re fa c to r jl l l ,  112,117,118].
Using the second p a rt of equation (4.13) one can ob tain  the  hopping 
energy and prefactor for gas phase doping concentrations of IQr-3 and IO-4 
ppm[ft 4.1], respectively, by tak ing  the difference betw een experim ental and 
calculated results in low tem peratu re  regime of in terest. The hopping 
energies(W) obtained in this m anner are ~  0.141 and ~  0.108 eV and the 
Prefactors(Cr0Jj) are 2.76 and 0.0755 [l/H-cm] for doping levels of IO-3 and 
IO-4 ppm , respectively. Jones e t.a l.[117] have also deduced the param eters 
from a fit of the experimental d a ta  to the hopping model for various 
phosphorus gas phase doping concentrations. They obtained a hopping 
energy of about 0.06V 0.12 eV for doping levels of PH 3/S iH 4— 1.6xlO-4 to 
3.0x10 2 pprn. Although one cannot spe any consistent tren d  in their d a ta  
as doping increases their findings are in good agreem ent w ith our values ; 
their hopping energies are about 0,12 and 0.08 eV for gas im purity  ra tio  of 
1.0x10“ ? and  1.64xlO“ 4 ppm.
They also obtain the hopping prefactors which are about 9.0x10 to
7.4 [l/n-cm ] for the same doping levels. However their hopping prefactors 
do not contain the tem peratu re  independent exponential term  while the 
present model considers the s ta tistica l shift of the  Ferm i level term  as well 
as the  tem peratu re  independent exponential iprim  If oiie takes this into
[ft 4.1] In the temperature dependence of the dark conductivity calculations, l.&xl.O1 , 
3 .5 x l0 17 and 9 .0 x l0 16 [cm 3] for four-fold coordinated phosphorus concentrations 
corresponding to the gas phase doping of 10 , 10 and 10 ppm, respectively were
used to get the best fit. These four-fold coordinated concentrations are still within the 
range of the estimated values in Table 4.1 by taking into account the experimental 
uncertainty. However, as stated before, one-to-one correspondence doping model was 
stiirused in calculations.
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account their hopping prefactors are in fair agreem ent with our values.
Now let us check our hopping energy and the hopping prefactors for 
self-consistency in term s of a nearest-neighbor hopping transpo rt th rough 
the donor states. According to M ott and Davis[4Q] the conductivity 
associated with hopping due to electrons a t the donor s tates is
(Ep)-Ef)
a H  ~  e7<-ND-e kT (4.14)
where Nj) is num ber of the s ta tes  available in Ej) and //. is hopping mobility 
which can be w ritten  as
pn  2 -W
eilD —2n R|) WT
" "  WeT " W  '6 (1.15)
Substituting //. into the equation (4.14), one can rewrite 
conductivity as
the hopping
„2-d 2 [(E11-E 1RW]
_ E —2oRi) . VT
aH -  6kT -ND-RRe 'e
[(E11-ERW] 
=  / T0H-e kT (4.16)
where Uph is phonon frequency, Np is donor concentration, <v is the decay 
constant of the localized electron wave function, R d is average donor 
separation, and
"on =  (4.17)
The average donor separation  can be estim ated from the known donor 







F irst, let us check the ra tio  of the prefactors using equation (4.17) for 
two different doping concentrations. T h e r a t io is
'rr0Hi(^D:==1- ^ 1 8 )  _  R p i
/j0H2(Nd= 3.5E17) Rd2
One can calculate R di and RD2 from equation (4.18) and also the ratio  of 
the prefactors from the  previous calculations. The calculated ratio  turns out 
about 36.8. Using a - 1 — 22 A estim ated  by LeGomber e t.a l .[118] one obtains 
a ratio of about 35.5 which is in good agreem ent with our values of 36.8. 
Allen e t.a l .[120] estim ate a value of a - 1 — 22± 5  A from electron drift 
mobility m easurem ents. F riedm an[l2 l] also estim ates a -1 of about 15 A by 
assuming th a t the donor atom s are d istribu ted  uniformly over the tail states 
in his theoretical calculation of the energy-dependent mobility
m easurem ents/ Mott[40] estim ated  an cv~l of about 50 Ain the calculation of 
the jum ping probability  per unit tim e th a t an electron jum ps from one 
center to another. In the calculation he assum ed th a t the hopping center is 
spherically sym m etrical and l/cv is the radius of the hopping centers. If one 
uses M o tt’s value one obtains a ra tio  of 6.28 which is about 6 times smaller 
than  the values of LeCoiiiber e t.al. and the present model calculation.
It is also encouraging to find th a t //pil has a value of order of IO11 
[I/sec] from the equation (4.17) using LeComber e t.a l .’s and F riedm an’s 
estim ation a t room tem peratu re . However M o tt’s value of the decay 
constant of electron wave function estim ates phonon frequency of the order
.0~2n [-^ 1 (4.19)
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of 10 11/secj which is about 2 or 3 orders of m agnitude sm aller than  the
value which would be expected.
The values of the hopping energy and the prefactors deduced from the 
hopping conduction are quite reliable based on the above analysis.
The to ta l conductivity can now be calculated by the sum of the 
extended s ta te  contribution(<Tc ) and the im purity hopping contribution(ojj) 
using the previous inform ation,
(T =  ,Tc -f (4.20)
with . .'
- ( E b - B 1) . ; - /[;■
V T
aC = nOC-C (4.21)
' \  ' ' / . V  . ! (H i1- K l) I W l  ■ ■ \ V -
,Tn =  '7Oibe kT == kT (4.22)
Figure 4.7 shows excellent agreem ent between the calculations and the 
experim ents for phosphorus gas phase doping of 10 and 10 ! ppm at 
tem peratures below ~  450 0 K. For IO-5 ppm doping the conductivity 
through the extended s ta tes  is dom inant below 450 0K.
It is commonly believed th a t the pre-exponential factor and activation 
energy can be obtained experim entally from the in tercept as T  —► oo and 
the slope in an Arhennius plot of the tem perature dependence of the dark 
conductivity. The tem peratu re  dependence of the dark conducivity in a- 
Si:H, for conduction above a well defined mobility edge a t energy Ec, is given 
by equation (4.21). If a s ta tis tica l linear tem perature  shift of the Fermi 
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Figure 4.7 C onductivity  as a function of l / T  for three different P-doped 
a-Si:H films w ith hopping conduction (Experim ental d a ta  were 
tak en  from [61 j).
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(E-Ef) _ 7 r ' ; - ( E - E 1),, : M V :  \
,T T fe kT =  'V e k -e kT -  fT0'-e kT j (4.23)
F urtherm ore if Ec is also a tem peratu re  dependent param eter as Ec(T) = 
E c(O) - ;CT, then
v  .'■■■■ ( E - E 1) . i - i f  _ ( h. -!■;)„ jo., A, .
T = T f e.-; . kT -  <T0;e k -e kT =  ^"-e  kT . .. (4.24)
Vvhere 7C and Vf are linear tem peratu re  coefficients. Equations (4.23) and 
(4.24) are of the same form. However the pre-exponential factors((T0', rr()") are 
determ ined by \  and *.-f as well as the assum ption for the linear tem perature 
shift of Ec and Ef used in (4.23) and (4.24). Therefore, experimentally 
observed intercepts and the slopes in the Arhehnius plots of the tem perature 
dependence of the dark conductivity are not correct prefactors and 
activation  energies as should be expected.
There is cont roversy about Meyer-Neldel rule because no generally 
accepted quan tita tive  analysis exists for the rule (an observed exponential 
increase of the <70 with E a). Based upon the experim ental results[6l] and 
model calculations as shown in Figure 4.7 as well as the above analysis 
about the pre-exponential factor and activation energy the concept of 
M eyer-Neldel rule seems to be som ewhat a rb itra ry . A lthough several 
research groups (for examples, Beyer and OverhofiIOg!, Rehrn e t.a l.jl0 9 1, 
S taebler and  W ronskijllO], Anderson and PauIf 122], and Stuke[l23]) 
observed the Meyer-Neldel rule based on their own in terpreta tion  for a-Si:H 
films, the Meyer-Neldel rule seems to be simply an a rtifac t of comparison of 
a  from differently doped and undoped a-Si:H sample" as argued by Kakalios 
and Streetjfilf
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A nother way one can estim ate the prefactor is to use the inform ation of 
the microscopic mobility and  the effective num ber of s tates near the mobility 
edge, namely ''
^  =  9vMEc)kT-/t : ; v (4-25)
\vith the, values used in the model calculations, N(Ec)kT — 2.0 x IO20
cm and //. ~  20 [cm2/V-sec], one obtains <tq ~  640 [l/fl-cm ] a t room
tem perature.
Recently M ott [124] and S tuke[123] seem to reach the same conclusion to 
explain conductivity prefactors of 100 ~  200 [I/ITcm ]. They both have 
pointed out th a t  the prefactor is influenced by the combined effect of 
bandgap shrinkage and the  s ta tistica l shift of the Fermi level. In S tuke’s 
papef jl23], he discussed the shift-free pre-exponential factor((T0) value on the 
basis of new experim ental d a ta . He finds <J0 — 150 [l /Q-cm] by considering
the tem peratu re  shift of the condUctibn band, E c(T), and the Fermi level, 
Ef(T), in use of the equation (4.24). He has shown other exerim ental results 
(see [112] for details) and favors a value of 100~  200 [l/Sl-cm]. The 
m agnitude of the prefactor which he found is virtually the same exponential 
factor for PM oped samples in the high tem perature branches of the o(T) 
curves observed experim entally by Kakalios and Street [61] when the 
observed slope (activation energy in their in terpreta tion) varies between 0.28 
and 0.4 eV. However the, prefactors in the low tem perature  branch below 
400 0 K may riot be well explained by his analysis because the m agnitude of 
observed prefactors (about 5 ~  7 [l/il-cm ]) in the low tem perature  regimes 
is significantly lower th an  th a t in high tem perature  regimes. He also 
m entioned the possibility of an additional shift factor which would lead to a
v I . I - W  . 97 V.''.'; ; . '■ .
significantly lower Vx0 by invoking M ott’s recent theoretical prefactor! 125] (,T0 
— 16 jl/ll-cn ij), namely
0.03e2
■ W-26)
where Lj is th e  inelastic diffusion Iength.
D jam dji et.al.[l26] obtained a prefactor between 500 and 1400 [I/H-Crtl] 
from tem perature dependent field-effect m easurem ents. They determ ined 
the linear tem peratu re  coefficient 7f from the source-drain ,current of field 
effect transisto rs a t m oderate gate voltages.
Comparing the recently measured values of the prefactor with our 
model calculated prefactor by using the effective density of s ta tes  in the 
conduction band and microscopic mobility, - yields reasonably good 
agreem ent. A factor of two or three may be a ttrib u ted  to the experim ental 
uncertain ty  of the param eters.
A nother interesting phenomena in the tem perature  dependence of the 
d a rk  conductivity is th a t doped n-type a-Si:Il films a t gas phase doping 
levels g rea ter than  10~5 ppm are found to show generally an upw ard "kink" 
as shown in Figure 4.6. Various models have been proposed to explain the 
kink using two p a th  transport mechanism] 111,112,117,118,120,127], 
po ten tia l fluctuations[127], shifts of the  conduction band edge w ith 
tem peratu re  [128-130], and the doping effect of the incorporated donors a t 
high tem perature] 108 ,13 11.
Recently K akalios and S tree t[6lj proposed a model which defines two 
tem peratu re  regimes separated  by the equilibration tem perature together
with the S tree t’s autocom pensation model of doping. In this model, when 
the conductivity is below the equilibration tem pera tu re , the prefactor and 
the activatibn ehergy are strongly influenced by the s ta tistica l shift of E f, 
while above the equilibration tem peratu re, E f is pinned a t the minimum 
between the P 4+ and D-  bands, and there is no s ta tistica l shift. They 
obtain  tw o  different prefactors and activation energies in the different 
tem pera tu re  regimes for the tem perature dependence of the dark  
conductivity for P-doped a-Si:H samples. Based on our calculations shown 
in Figure 4.8 the Fermi level moves between the P 4+ and D due to the 
sta tistica l tem perature: ( shift throughout the tem peratu re  range 
(200 ~  500 ° K). The model calculation shows th a t the Ferm i level shifts 
alm ost linearly from about 1.45 eV to 1.3 eV in the tem perature  range
between 200 and 500TIC* Consequently, this is a discrepaney between pur
calculations and the speculations of Kakalios and StreetjGlj (see Figure 4.8).
R. M eaudre and M. M eaudrej 107j performed theoretical calculations 
using K akalios and S tree t’s gap s ta te  model, which is alinqst the same as the 
model proposed in C hapter 3, to  explain the high .tem peratu re  kink under 
the specific relationship betw een dangling bond and dopant density for 
different tem peratu re  regimes.; They obtain  the sam e results as We have 
under the one-to-one correspondence doping model. They- used the 
tem perature  dependence of dangling bonds with a shift of the mobility edge 
in the high tem perature  regime (above 40 0 0 K) to m atch the experim ental 
results. However it is not clear w hat their relationship was between the 



















■ Nd=1.5 x 1 0 [cm 'J]
•  Np= 3 .5x1017 [cm'3]
#  N D= 9 .0x1016[cm'3J
Figure 4.8 Equilibrium  Fermi level as a function of l / T  for three different 
P-doped a-Si:II films.
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It is not surprising that, the present model did not predict the  upw ard 
kink in the high tem perature regimes because the model has not taken  into 
account the high tem perature effects on dangling bonds and doping density. 
High tem perature effects, such as annealing, hydrogen reform ation after 
breaking a bonding between hydrogen and silicon atom , and heating and 
coo lingra te , etc,, may .significantly a lte r the relationship between the doping 
and dangling bond defect density. Since a proper high tem peratu re  
relationship between the doping and dangling bond density has not been 
proposed yet this problem will not be discussed any fu rther a t present. 
This will be open for future work.;
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4 .2 .3 . D o p in g  D e p e n d e n c e  o f S w e e p -O u t C h a rg e
When an a-Si:H m ateria] is doped with phosphine, the Fermi level can 
be shifted to w ithin about 0 .1 5 ^  0.2 eV of the mobility edge for doping 
levels of 3.0 x IO18 [cm 3]. In such a case, m any of the tail s ta tes  should be 
occupied. Several experim ental techniques have been im plem ented to 
measure the charge in the occupied shallow tail s ta tes as well as the deep 
defect states (dangling bond defect states) in the gap.
Recently S tree t[58,59] has used a new technique to determ ine the 
occupied tail s ta te  charge. The idea behind the m ethod, which is known as 
* time-of-flight", is simple; when a voltage pulse is applied to th in  P-doped 
layer sandwiched between intrinsic a-Si:H films the shallow carriers are 
swept out of the P-doped layer w ithout being trapped  in the deep defect 
states. The to ta l charge is then m easured directly.
Q =  f  I(t)d t (4.27)
In the analysis, he estim ated th a t the occupied tail s ta te  density is roughly 
10 %  th a t of the dangling bonds and overall it has a sub-linear dependence 
on phosphorus concentration.
Street et.al.[59] also extended the autocom pensation model to explain 
the occupied band tail s tates. In their analysis, sweep-out charge which is 
mainly located in shallow tail s ta tes for P-doped m aterial is
^  Ndop -  Dtotal (4.28)
where n t is the sweep-out charge from conduction band tail s tates,
^dop *s ^°pinS cOneeritratidn,
^total is to ta l dangling bond density.
In ta c t  the ir analysis is only valid for low doping levels (smaller than  
about 5.0x IO17 [cm-3]). The analysis should include the free electron and 
the unionized donor concentrations in addition to the conduction band tail 
s ta tes  for the to ta l sweep-out charge, namely
sweepout charge — n t T  n + (Nd — Nd +) (4.29)
The sweep-out charge was calculated as function of phosphorus doping 
concentration using equation (4.29). Figures 4.9(a) and (b) show the doping 
dependence of the shallow occupied s ta tes  (actually  this is the sweep-out 
charge) and the dangling bond defect density obtained from various 
experim ental techniques[59] along with the model calculations. Agreem ent is 
found for dangling bond s ta tes  as well as for the sweep-out charge of P- 
doped films w ithin the experim ental uncerta in ty  of about a factor of two or 
three.
In order to understand  which charge mainly contributes to the sweep- 
out charge one can utilize F ig u re : 4.2 which depict s the various charge 
distributions against the doping concentration. As shown in this figure, the 
conduction-band ta il s ta tes  are im portan t for doping concentrations below 
^  5.0X10*7 [cm'"3] while unionized donor s ta tes  are the dom inant
contributor above ~  5 .0 x l0 17 [cm 3].
In boron-doped sam ples, the model results are significantly different 
from the experim ental values as shown in Figure 4.9(b). This may be the 
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Phosphorus Doping [PH 3/SiH 4]
Figure 4.9 Doping dependence of the dangling bond density and sweep-out 
charge; (a) for P-doped a-Si:H films, (b) for B-doped a-Si:H 















Boron Doping [B2H 6/SiH4]
Figure 4.9 continued
Sweep-out w ithin a very short time period ( ~  I /./,sec) [58,59] can only occur 
from shallow sta tes  because deep tail s ta tes  will have a longer therm al 
excitation time. Since the valence band tail (characteristic slope E tv= 4 3 .3  
meV) is much broader than  the conduction band tail (Etc= 2 7  meV) all 
valence-band tail s ta te  charge may not be swept out by the voltage pulse. 
Only a small fraction of the  valence tail s ta te  charge can be swept out of a 
B-doped sample.
It is interesting to estim ate the energy level for electrons (holes) such 
th a t s ta tes  lying above (below) this level Will be swept out of the device by 
voltage pulse. The probability, p, per unit tim e th a t an electron (hole) 
excited energetically to the conduction (valence) band with energy higher by 
Ew, is
P =  p 0;exp(—Ew/k T ) (4.30)
where p0 is the a ttem pt-to-escape frequency. p0 can have a wide range of 
values but is usually taken  to be on the order of IO12 [l/sec]. One can easily 
estim ate Ew by using p0 of ~  IO12 sec 1 and the reciprocal of p of ~  I //sec 
a t the room tem perature. Therefore, a charge can only be swept out within 
this tim e from sta tes  closer ~  0.36 eV from Ec(Ev). This calculated energy 
(0.36 eV) is defined as the dem arcation energy. The sta tes  more than  0.36 
eV from the m obility edges will have a longer therm al excitation time. The 
possible explanations, based on the calculated dem arcation energy, for the 
difference between experim ent and the calculation of the B-doped samples 
shown in Figure 4.9(b) are as follows: W hen the calculated value is greater 
than  the experim ental value, (L) the model calculation may overestim ate the 
occupied tail s ta tes  because the to ta l sweep out charge takes into account
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the overall occupied tail s ta tes , (ii) the position of the actual acceptor level 
may be deeper than  the energy level used in the model calculation. A 
possible explanation, when the calculated value is smaller than  experim ental 
value, is th a t  the actual density of the s ta tes for the valence band may be 
higher than  th a t  used in the model calculation.
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4 .3 . A n a ly sis  and C om p arison  w ith  O th er Resvilts
The model calculations have been performed using transition  energy 
levels of about 0.72 eV and 1.12 eV from the valence band (which is Group- 
B in Table 2.1) for the singly and doubly occupied dangling bond defects. 
As seen in Table 2.1, two other groups (Group-A and Group-C) have been 
obtained for the transition energy levels. F irst of all, let us examine these 
two different values in term s of the results from Group-B.
If one uses about 0.47 and 0.87 eW  (Group-A) or 0.77 and 0.97 eV 
(Group-C) for the transition  energy levels one has to reevaluate the 
param eters (e.g., E d, dsigmaj, sndj, eacorn) used in the doping and 
tem perature  dependence of the dark conductivity, and the doping 
dependence of sw'eep-out charge.
The Fermi level in the case of Group-A is now shifted farther from the 
conduction band edge than  th a t in Group-B under the same doping 
conditions because the Fermi level is located, roughly speaking, half way 
between the negatively charged dangling bond and the donor energy level a t 
low doping concentrations (about I .Ox IO15 [cm-3]). Although the Fermi 
level gradually moves tow ard the conduction band edge as the doping 
increases, Group-A results in lower dark conductivity than  is observed 
experim entally.
In addition to the m agnitude of the conductivity, one also considers the 
conductivity sa tu ra tio n  observed above a doping concentration of about IO18 
[cm-3]. Since the position of the Fermi level is affected by the D transition  
energy level, the width of donor s ta te  and the dangling bonds, the ratio  of 
the occupied distribution of the  ionized donor to the negatively charged
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dangling bond defect s ta tes for Group-A is almost the same as th a t for 
Group-B. Therefore the conductivity satu ration  is expected almost a t the 
same doping concentration. However, the absolute m agnitudes of the 
ionized donor concentration and negatively charged dangling bonds are 
different between Group-A and Group-B. The doping dependence of the 
Ferm i level for three different transition energy levels is shown in Figure 
4.10(a) and (b). Group-A shows a lower conductivity than  Group-B, b u t the 
satu ra tio n  occurs a t almost the same doping concentration.
The same argum ent can be made for Group-C although their
correlation energy is smaller th an  Groups-A and C. The correlation energy 
in fact does not significantly affect the present analysis because the D+ and 
D0 charges are almost negligible compared to D-  charge for P-doped a-Si:H 
samples. T h e  situation is somewhat different for undoped films.
Consequently, the dark conductivity as function of doping concentration 
from Group-C is expected to show interm ediate results between Group-A 
and B as shown in Figure 4.10(a) and (b).
In order to have the model calculated conductivity correspond to the 
experim ental values in the case of Groups-A and C, the Fermi level m ust be 
moved tow ard the conduction band mobility edge. This can be done either 
by using a wider dangling bond defect profile or a narrow er doping 
distribution. However, a narrow er doping profile will not produce the 
sa tu ra tio n  a t a doping level of IO18 [cm-3].
One m ight think of other possibilities to increase conductivity by either 
increasing the donor energy level or decreasing the value of eacorn. 


















A Group A 
•  Group B 
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•G roup B 
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Figure 4.10 the equilibrium Ferm i level and the dark
are E0-Ev=  1.57 eV, dsigm aj= 0 .18  'eV , s n d j^ O .O f f ^ y 1 
eacorn=0.Q 7 eV, and e d c o rn = 0.07 eV. Three different 
danglm g bond energy levels are (A)Group-A(0.47/0.87 eV) 
(B )G roup-B (0 .72/l.l2  eV), and (C)Group-C(0.77/0.97 eV).
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no
some extend it is not possible for either case to get the conductivity to 
sa tu ra tion  a t a doping level of IO18 [cm-3]. In particu lar, the  la tte r case 
causes a significant deviation from experiment in the sweep-out charge 
calculation a t a doping level below IO18 [cm-3].
Based on the above analysis, the best way one can obtain  a fit to the 
conductivity with satu ration  a t a doping level of about IO18 [cm-3] is to 
broaden the dangling bond profile. The best value of the w idth of the 
dangling bond is about 0.3 eV for Group-A and 0.25 eV for Group-C which 
are much broader than  the 0.18 eV used in Group-B. The other param eters 
rem ain unchanged.
A lthough the  model calculated results have not been shown in this 
thesis, it is surprising th a t almost the same results are obtained using the 
transition  energy levels of Group-A and Group-C with a broad distribution 
(dsigmaj =  0.3 eV /  0.25 eV, respectively) of the dangling bonds as were 
obtained for Group-B with a narrow width (dsigmaj =  0.18 eV) for the 
doping and tem perature dependence of the dark conductivity and, the doping 
dependence of sweep-out charge. In other words, the dangling bond profile 
is the param eter most tightly coupled to the transition  energy levels of the 
dangling bond defect states. Next we will examine other model calculations 
related to the width and the transition  energy levels of the dangling bond 
defect states.
M uller et.al.[l08] have investigated the doping m echanism  in a-Si:H 
using a gap s ta te  model which has a G aussian-shaped dangling bond s ta te , 
and exponential decaying tail s ta te  with embedded im purity  s ta tes  in the 
tail s tates. They used a doping profile th a t decays exponentially while we
have used a Gaussian-shaped profile, 
four-fold coordinated concentration
It should fee m entioned th a t their 
(donor and acceptor im purity
concentrations) corresponding to the gas-phase ’doping seem to be
overestim ated by a t least a decade.
In their first calculation of the doping dependence of the dark 
conductivity[106], they used a fixed value for the dangling bond density with 
the width of the  dangling bond distribution independent of the  doping level. 
This results in a serious discrepancy between m easured and calculated d a ta  
in the high doping range. The calculated conductivity  m onolonically 
increases up to  the Order of IO2 [I/11-cm] in P-doped sam ples. This can be 
easily explained based on our model. They varied a doping independent 
dangling bond density of 3.OxlOlfi ~  1 .7x l017 Jcm and the width of the 
dangling bond from 0.05 eV to 0.25 eV (which corresponds to 0.035 ~  0.176 
eV for a s tandard  deviation; dsigmaj) to lit to the experim ent. The D 
transition energy level is located about in the middle of the  gap. In their 
model, once the doping concentration is larger than  the dangling bond 
density the Kerrni level-shift is completely controlled fey the doping 
concentration because the ionized donor concentration is always larger than 
the negatively charged dangling bond density due to the  narrow  width of the 
fixed dangling bond density. Consequently, the negative charge (free 
electron and the occupied conduction band tail s ta tes) is increased to satisfy 
the charge neu tra lity  condition. This causes their model calculated 
conductivity to increase monotonically. This eventually  produces the same 
m agnitude of the dark conductivity a t high doping concentration  because a 
dangling bond density which is independence of doping for a narrow  w idth
1 1 2
does not affect the shift of the Ferm i level as doping concentration increases 
above the dangling bond density.
In their second model calculation[l06], the  to ta l dangling bond density 
was chosen a t least com parable to the doping Concentration because the 
to ta l dangling bond density includes the density of doping induced defect 
sites from the law of mass action, shown in equation (4.2). The density of 
native dangling bond sites are assumed to be present in undoped a-Si:H 
films. In this case, the dark  conductivity is very sensitive to the native 
dangling bond density because a small deviation of the dangling bond 
density from S tree t’s autocom pensation model causes changes in the doping 
dependence of the dark  conductivity, as shown in Figure 4.2. They chose a 
native dangling bond density of 3.OxlO15 [cm-3] and a w idth of the dangling 
bonds of 0.15 eV (which is a s tan d a rd  deviation of 0.106 eV).
Although it is difficult to compare their model calculation in detail with 
our model because their im purity s ta te  is not G aussian, their model 
calculation can be simply analyzed based on w hat they obtained. Since they 
chose a small native dangling bond density, the to ta l dangling bond density 
is not significantly affected by it com pared w ith the doping induced defect 
density in the high doping range. Presum ably, the  to ta l dangling bond 
density may be slightly larger th an  the doping concentration or alm ost 
equivalent to it in the high doping range. Consequently, the negatively 
charged dangling bond density is slightly larger th an  ionized donor 
concentration or almost equivalent to it. Their calculated  conductivity 
tends to sa tu ra te  in the range of high phosphorus doping concentrations as 
seen in their resu lt[90]. However this calculation shows significant deviation
1 1 3
from experim ent when th e  native dangling bond density is increased to  1.0 
XlO17 [cm 3j. This reflects the sensitivity of the dangling bond defect 
density to doping, as explained before.
The calculated conductivity will be directly affected by the  native 
dangling bond density in the low doping range. Their calculation shows a 
significant discrepancy from experim ent in the range of low phosphorus 
doping. T h a t might be 'explained by the fact th a t  they  have overestim ated 
the four-fold coordinated concentration , as m entioned before. For instance, 
they estim ated the doping concentration (which is assumed to be an 
unintentional dopan t) and native dangling bond to be about 5.Ox IO16 and 
3.0x10 5 [cm 3 J for the zero gas-phase doping level (which is. also assumed to 
be an undoped sample), respectively. A lthough the native dangling bond 
density may be correctly estim ated , the  unin tentional background doping 
concentration for aii undoped film is Somewhat overestim ated compared to 
the native dangling bond density. Thus the calculated  conductivity is much 
higher th an  the experim ental values.
The calculated dark  conductivity  for B-doped samples is similar to our 
result although the deviation a t high doping concentrations is much larger 
th an  for our calculations. The deviation a t the high doping levels seems to 
be due to the much broader acceptor d istribution.
Recently Johnson and Jackson[63], and Johnson and Biegelsen[62] found 
the D~ transition  of the dangling bond defect in a-Si:H to be located 
0.8 ~  0.9 eV below the conduction band  m obility edge from 
photocapacitance tran sien t spectroscopy and stead y -s ta te  photoconductivity 
m easurem ents on p-n junction  diodes and photodepopulation-induced ESR
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w ith pho tocapacitance  m easurem ents respectively. They also obtained the 
w idth of the dangling bond defect s ta tes  of 0.12 eV (standard  deviation in 
the  G aussian d istribution) by fitting the experim ental initial slope of the 
capacitance  tran sien t as a function of the energy using their proposed gap 
s ta tes  model which is a G aussian d istribu tion  of dangling bond sta tes . If 
one uses the ir transition  energy levels and w idth of the dangling bonds 
assum ing a positive correlation energy of ~  0.4 eV One can not ob tain  the 
observed conductivity  based on one-to-one correspondence doping model as 
shown in Figure 4.10. The narrow  w idth of the dangling bond which they 
ob tained  is probably due to the fac t th a t  they did not include gap s ta tes  in 
the ir model. In fact, doping w ith phosphorus and boron in a-Si:H changes 
the density  of dangling bond defect s ta tes . Since the Ferm i level is shifted 
through the dangling bond defect s ta te , as shown before, g(E) is not 
independent of the Ferm i level as assum ed in their model calculation.
V anecek e t.a l .[132] ob tained  the position and w idth of a G aussian- 
shaped dangling bond defect s ta te  by fitting their model param eters of the  
gap s ta tes  in undoped and  doped a-Si:H to absorption coefficient 
m easurem ents. The model calcu lation-w hich: once again does not consider 
the Ferm i level shift in g(E) yields a position of G aussian-shaped dangling 
bond abou t 0.1 eV below m idgap (which is about 0.8 eV from the valence 
band  because they assum ed the energy gap is about 1.8 eV) and a halfw idth  
of roughly 0.2 eV (which is abou t 0.1 eV for the s tan d a rd  deviation) by 
tak ing  into account the  experim ental uncerta in ty . U nfortunately , the 
doping model for strongly P-doped film used in the ir gap s ta te  is not 
available. A t any ra te , the  deduced param eters  do not give us desirable
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answers for the m agnitude and satu ration  of the dark conductivity because 
their D transition  energy level is below midgap with a much Inarrowef 
dangling bond width than  is expected.
Recently, S tutzm ann and .)ackson '8 1; obtained an average dangling 
bond correlation energy of 0.2±0.1 oV and a position for the neutral and 
doubly occupied dangling bond levels a t Ec-0.95 eV and Ec-0.75 eV, 
respectively, (C roup-C in Table 2.1) Ifom  a com bination of electron spin 
resonance(ESR), phototherm al deflection spectroscopy(PDS), and tran sp o rt 
m easurem ents. In their electrical m easurem ents, they estim ated the position 
of the Fermi level within the mobility gap from the activation energy of the 
dark conductivity I ft 4.2]. Their conductivity satu ration  occurs a t a slightly 
lower doping concentration and the estim ated  pinned Fermi energy is also 
slightly higher than  o ther g roups '106,108-112b
We will examine the possible explanations for this difference. The first, 
possibility is th a t the Fermi level which s ta rts  to become pinned may be 
overestim ated by about 50 me V due to the true activation energy 
calculation. The Fermi level is then about 0.2 eV from the conduction band 
edge which is in the same range of other groups (The Fermi level is also 
slightly shifted by taking into account their slightly smaller bandgap of 1.7 
eV ra th e r than  1.72 eV). The second possibility is the correlation energy. If 
one uses the  upper limit of their correlation energy one can see th a t their
[ft 4.2] No information is available how they obtained the activation energy in the 
reference. If one assumes that they obtained the activation energy from the slope of 
temperature dependence of the dark conductivity it may not be exactly true activation 
energy as mentioned before in section 4.2.2. Then the true Fermi levels should take into 
account this error.
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model is now getting closer to Group-B although the width of the dangling 
bond distribution is still wider than  th a t of Group-B (it is here assumed th a t 
the transition  energy levels for the singly and doubly occupied dangling 
bonds are 0.77 eV and 1.07 eV instead of 0.67 eY and 0.97 eV in the case of 
U = O .3 eV). Then one can account for their conductivity satu ration  which 
occurs a t a slightly lower doping level th an  other groups, by increasing the 
w idth of the doping distribution w ithout decreasing the m agnitude of the 
conductivity. Therefore one way to justify  their transition energy levels, 
based on the experim ental results is th a t the widths of the dangling bond 
and im purity s ta te  are slightly broader th an  the values previous obtained 
from Group-C.
However, if one insists th a t a correlation energy of 0.2 eV is a more 
plausible value than  0.3 eV, one has to make the width of the dangling bond 
and donor s ta tes  even broader and the donor energy level even higher than  
before, to produce the sa tu ra tio n  a t a low doping level with high dark 
conductivity. This can be done by choosing dsigmaj =  0.35 eV, sndj =  0.1 eV, 
and Ec-Ed=O . T eV, although the calculation does not fit the experim ent as 
well as Group-B. Since there is no published inform ation about these 
param eters to com pare w ith, no fu rther discussion will be presented.
Recently, S treet et.al. [58-60] and Kakalios and Street [61] have proposed 
a gap s ta te  model which is sim ilar to the one used here. They assume 
G aussian-shaped dangling bond defect s ta tes  and im purity sta tes w ith 
exponentially decaying tail s ta tes . They found th a t the D-  transition  energy 
level is located 0.83 eY below the conduction band with a s tandard  deviation 
of the G aussian of around 0.1 eV (from optical and photoemission
experim ents perform ed by Jackson et.al.;48j). Their transition  energy level 
for the dangling bond is in Group-A. As explained before, a Group-A 
transition  energy level with a narrow width does not yield the observed 
m agnitude of conductivity and satu ration . Even if a correlation energy of 
0.1 ~  0.2 eV is assumed as proposed by Stutzm ann and JaCkson[8l], this still 
does not give the correct result as shown before. It is not clear a t present 
hoy? they fit the tem perature dependence of dark conductivity 
ex p e rim en t^ I j below the equilibration tem perature (T < 4 0 0 °K ) using their 
model. The w idth of the doping distribution in their model calculation is 
also unknown. Although they believe th a t conductivity satu ration  is due to 
a precipitation phenomenon [I33i, there is no decisive evidence to show th a t 
this is the case.
Now turn  to Gfoup-B to examine the param eters discussed above. 
Recently, LeGombef and Spear[34j, considered the location of the dangling 
bonds from an analysis of m ajority and minority carrier lifetime. In the 
analysis, they determ ined the position and width of the dangling bonds from 
an optim um  fit of the  spin density (which is the D0 s ta te ) curve to the ESR 
results of Dersch e t.a l .[134J under two assumptions; (i) they used a constan t 
dangling bond density, independent of doping, (ii) a G aussian d istribution  of 
dangling bonds, gp(E), is assumed independent of the Fermi level. Under 
these assum ptions, they obtained dangling bond energies of 1.15 eV and 0.75 
eV for singly and  doubly occupied s ta te s  (referenced to the conduction band 
edge) and  a s tan d ard  deviation of 0.1 eV. Their dangling bond energies are 
in the GfoupTB category. In particu lar, the D ' transition  energy level is 
very close to S tu tzm ann’s[8lj result although the correlation energy is
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different by about a factor of two.
As explained before, the w idth of the dangling bond (0.1 eV) w ith their 
dangling bond energy level under the assumption th a t donor s ta te  is also 
G aussian distribution cannot explain the m agnitude of the observed 
conductivity and the satu ration  observed a t a doping level of about IO18 
[cm-3]. Also, are the dangling bond defect densities (D“ , D+, and D0) and 
the Ferm i level determ ined in a self-consistent manner? More specifically, do 
they satisfy the charge neu tra lity  requirement?
Let us plot the D0 s ta te  density versus doping concentration for various 
dangling bond widths under the charge neutrality  condition. For purposes of 
com parison, a constant dangling bond density is also assumed in the 
calculation. As seen in Figure 4.11, significant deviation s ta r ts  to occur as 
the w idth of the  dangling bond decreases from 0.3 eV. The D0 s ta te  density 
drops sharply once the doping concentration becomes greater th an  the 
constan t dangling bond density, because the Fermi level moves to between 
the donor s ta te  and the  negatively charged dangling bond s ta te . 
Consequently, the D-  charge density is dom inant over the D0 and D+. This 
happens ra th e r slowly when the w idth of the dangling bond is broad.
A good fit can be obtained for a width of the dangling bond of abou t 
0.3 eV. This is also self-consistent w ith the doping dependence of th e  dark  
conductivity  study. Therefore the w idth of the dangling bonds of 0.1 eV 
with the transition  energy level of LeComber and Spear can not explain the 
doping dependence of the dark conductivity and the spin density.
Muller et.al.[l06] calculated the spin density as function of the doping 
concentration for the sam e gap s ta te  model which they used to fit the
•  Experirtierital 
a x b  Calculated
Experiemental (Dersch et. al.) 
disgmaj = 0.1 eV I
Dtokl = S x id lb IcrTf ^
10 10 10 10 
Undoped Doping Concentration N n [cm ]
Figure 4.11 Doping dependence of spin density using constant dangling 
bond density of SxlO16 [cm-3] for various values of dangling 
bond w idths (Experim ental d a ta  were taken  from [134]);
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electrical conductivity. Although their calculation disagrees significantly 
from the experim ental d a ta  obtained from Dersch et.al.[l34] the calculation 
predicts decreasing spin densities even up to high doping levels. It is not 
clear how the calculation yields a sm aller D0 s ta te  density as the  doping 
concentration increases to IO-2 ppm  as they used S tree t’s autocom pensation 
model w ith a native dangling bond density of 3 x l0 15 [cm-3]. In fact, the 
native dangling bond density may give a slightly higher dangling bond 
density than  the original doping dependence of the dangling bond densities 
because the to ta l defect density is sum of the density of doping induced 
defect sites and native defect densities.
Meanwhile S tutzm ann and Jackson [81] also m easured ESR spin 
densities of neu tra l dangling bond defects in high quality doped a-Si:H as a 
function of the gas phase doping. They obtained spin densities about a 
factor of five smaller than  the results of Dersch et.al.[l34]. The m agnitude 
of the spin density is usually dependent upon how well an a-Si:H film is 
fabricated.
Let us examine the doping dependence of the spin density using our 
gap-state  model with the one-to-one correspondence doping model. The 
calculation shows good agreem ent w ith the experim ent of Dersch et.al. [134] 
as shown in Figure 4.12. A t the same tim e, the calculation can be easily fit 
to the experim ent obtained by S tu tzm ann and Jackson[8l] by ad justing  the 
background dangling bond density shown in Figure 4.12. The model predicts 
th a t the spin density will increase as the gas phase doping increases above 
about 5.OxlO-5 ppm. No experim ents are available in this doping range.
•  Experimental (Dersch et. al.)
■ Experimental (Stutzmann & Jackson)
* x  Computed
i i n i i i i |  I K t i  n i t  I i i 11 n i i |  i I I i  I i l  11 I I I l l l l l j  l l l i " l l l l |  M i l l i i k
Undoped Doping Concentration N p [cm'3]
Figure 4.12 Doping dependence of spin density using the one-to-one 
relationship between doping and dangling bond density. 
Background doping and background dangling bond density to 
fit the experim ental results of Dersch et.al. [134] and S tu tzm ann 
and Jackson[8lj are assumed as 3 x l0 16 and 3 x l0 16 [cm-3], and 
5x10 and oxlO15 [cm-3 ], respectively.
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A sm aller correlation energy (U = 0 .2  eV) also predicts alm ost the same 
result as U = 0 ,4  eV, as shown in Figure 4.13 although the D0 s ta te  density is 
slightly larger.
U n f o r tu n a te ly e x p e r im e n ta ld a ta a r e n o ta v a i la b le in th e r a n g e o f h ig h
doping level because of the fact th a t the P -im purity  dopant causes a new 
resonance signal to  appear, due to  the occupied ta il s ta te  (gyromagnetic 
ratio; g=2.0105). This interferes w ith the dangling bond signal (g =  2.0043).
It is not clear w hether the model correctly predicts the doping 
dependence of the spin density in the range of high doping. In fact, the 
doping dependence of the spin density is the most puzzling problem  in our 
self-consistent model. F u rth er research is needed to clarify this problem.
Based on our analysis, it was found th a t there are no differences 
between Group-B with a dangling bond w idth of 0.18 eV and Group-A with 
0.3 eV for the doping and tem peratu re  dependence of the electrical 
conductivity and the doping dependence of sweep-out charge study. 
However, there are couple of difference between them  when light-induced 
changes in the dark  conductivity and photoconductivity  are considered. The 
light-induced changes in photoconductivity  will be discussed in C hapter 5.
Light-induced changes in the dark  conductivity of a-Si:H have been 
observed in a large variety  of films. S taebler and W ronski[l35] m easured the 
dark conductivity after periodically in terrup ting  the light illum ination. 
They observed th a t the dark  conductivity  decreased rapidly  a t first and 
then sa tu ra ted  after about four hours of illum ination. The continuous 
decrease in dark  conductivity th a t occurs under illum ination is prim arily due 
to an increase in the dangling bond defect density. A lthough the light-
E 10
10 loI
•  Experimental (Dersch et. al.)
A Experimental (Stutzmann & Jackson) 
■ Computed (D+= 0.92 eV, D' = 1.12®V).
mill I i 11 BH| I I 11 llll| I I i I Illlj I I HUH
Undoped Doping Concentration N p [cm-3]
Figure 4.13 Doping dependence of spin density using the one-to-one 
relationship between doping and dangling bond density for a 
correlation energy of 0.2 eV. Background doping and 
background dangHng bond density are assumed as 3x1016 
[cm ] and 3x10 [cm 3J (Experim ental d a ta  were obtained  
from Dersch et.al. [134] and Stutzm ann and Jackson [81]).
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induced dangling bond density dependence on illum ination tim e is not 
exactly known the dark  conductivity can be com puted as a function of the 
dangling bond density to com pare w ith the experim ent[ft 4.3] of Staebler 
and W ronski[l35],
Group-B shows agreem ent with the observed dark conductivity features
while Group-A shows a sharp  decrease of the dark conductivity followed by
a valley and finally sa tu ra tio n  a fte r long illum ination shown in Figure 4.14.
The results of Group-A can be explained by noting the transition  energy
level and hole mobility. As the dangling bond density increases the Ferm i
level gradually shifts away from  the conduction band edge. The Fermi level
eventually becomes pinned between the D + and D-  dangling bond sta tes  a t
high dangling bond densities. A small am ount of light-induced dangling
bonds pulls the Ferm i level to  mid-gap, and the conductivity sharply
decreases due to the reduction of free electrons. E lectron tran sp o rt persists
until the dangling bond density is high enough to tu rn  originally n-type a-
Si:H device to p-type. Once the Ferm i level passes mid-gap the hole
conduction s ta r ts  to take over. Eventually  the Ferm i level gets pinned
between the dangling bond sites a t about 0.67 eV from the valence band
edge. Consequently, the dark  conductivity  sa tu ra te s  as observed. Figure
4.15 shows the Ferm i level location as a function of to ta l dangling bond
density for Group-A and Group-B. This figure directly reflects the above
[ft 4.3] This particular undoped a-Si:H film is slightly unintentionally doped by foreign 
impurities. This can be analyzed by examining the observed dark conductivity for 
undoped a-Si:H film. Therefore a small amount of background phosphorus doping 
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Figure 4.14 D ark conductivity as a function of the to ta l dangling bond 
density for two different transition  energies for D+ and D~ 
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Figure 4.15 Equilibrium  Ferm i level as a function of the to ta l dangling 
bond density for two different transition  energies for D+ and 




Since a hole mobility of 6 [cm2/V-sec] (about a factor of three smaller 
th an  the electron mobility) has been used in the calculation, the hole quickly 
becomes the m ajor conduction carrier once the Ferm M evel drops below the 
mid-gap. This does not happen for the case of Group-B because the energy 
in the middle of the dangling bond s ta tes  is about 0.92 eV which is above 
•mid-gap. Therefore electron conduction for Group-B is completely dom inant
over hole conduction for the entire range of dangling bond densities.
The experim ental results[l35] show th a t the dark  conductivity decreases 
m onotonically until it sa tu ra tes . Therefore, Group-B is clearly a be tte r fit 
than  Group-A to the observed overall shape of light-induced changes in the 
dark  conductivity. , Light-induced changes in the photoconductivity as a 
function of light intensity  between Gfoup-B and GrOup-A will be discussed 
in G hapter 5.
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4.4. Summary
A one-to-one correspondence between the doping and the dangling bond 
defect s ta tes  was proposed. This relationship and the Group-B transition  
energy levels, w ith a narrow  distribution (dsigmaj =  0.18 eV) for the singly 
and doubly occupied dangling bond sta tes  correctly predicts the doping 
dependence of the dark  conductivity and the conductivity sa tu ra tion  a t a 
doping concentration of about IO18 [cm-3 ] for P-doped films. Good 
agreem ent between the calculations and experim ent is also obtained for B- 
doped a-Si:H., The detailed model calculation of B-doped films shows th a t 
the acceptor energy level and the d istribution are much shallower and 
narrow er th an  their donor counterparts.
The model also explains the tem peratu re  dependence of the dark 
conductivity  for different doping concentrations a t tem peratures below 
~  450 0 K, High tem peratu re  effects, such as high tem perature  annealing, 
hydrogen effusion, and the heating and cooling rate , have not been 
incorporated  in the model calculations. The theoretical calculations show 
excellent agreem ent with the observed dark  conductivity as a function of 
tem pera tu re  if hopping conduction is allowed in highly doped samples a t low 
tem peratu res. The pre-exponential factor and the activation  energy in the 
tem pera tu re  dependence of the dark  conductivity study were also discussed 
in term s of the theoretical calculations and the experim ental observations.
It was found th a t  the unionized donor concentration dom inates the
I 7sweep-out charge when the doping concentration is larger than  5.0x10 
[cm-3 ] while the occupied conduction band tail s ta te  is a m ajor source of 
sweep-out charge when the doping is less than  5.OxlO17 [cm-3]. The model
calculation yields good agreem ent w ith experim ent for P-doped samples. It 
does not correctly predict the sweep-out charge for B-doped samples, 
possibly due to the short sweep-out time and the broad valence band tail.
Finally, two other models (Group-A and Group-C) for the transition  
energy levels of the dangling bond density and the doping were examined. A 
detailed analysis and comparison with other model calculations were m ade 
in term s of the results of the doping dependence of the electrical 
conductivity, sweep-out charge, and spin density.
In sum m ary, the  model calculation shows th a t the results of Group-B 
could explain all experim ental results seen in this chapter be tter than  those 
of Group-A and Group-'C.
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P H O T O C O N D U C T IV IT Y
C H A P T E R  5
5.1. In tro d u ctio n
Amorphous semiconductors, particularly hydrogenated amorphous 
silicon, have recently attracted much attention as optoelectronic materials 
because they tend to be highly photosensitive. It is essential to understand 
the nature of the gap states and the effect of these states on the 
recombination of photogenerated carriers in order to optimize the materials. 
Photoconductive measurements also provide insight to understanding the 
transport processes of other optoelectronic devices. Many experimental 
techniques have been used to extract information about the gap state 
distribution and recombination processes of a-Si:H. A relatively easy way of 
investigating these parameters, which has been widely used, is to examine 
the light intensity, temperature, and spin density dependence of the 
photoconductivity.
In fact, studies of the light intensity and temperature dependence of 
photoconductivity are quite common in the characterization of a-Si:H alloys. 
Several research groups have published experimental data, and they have 
proposed various models to interpret their results.
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Rose[96j suggested a model for photoconductivity based on the 
assum ption of an exponential distribution of traps and then explained 
qualitatively the intensity dependence of photoconductivity, such as 
Supralinearity, sublinearity  and sensitization phenomena which are directly 
related to the characteristic  energy slope of the trap  distribution. Simmons 
and Tay!or[l36] and Taylor and Simmons [137] have presented the general 
ra te  equations th a t describe photoconductivity in amorphous m aterials 
containing an a rb itra ry  distribution of trapping  levels. This is basically the 
M ott-CFO  model for gap states. These models may be appropria te  for 
undoped samples which have been considered by W ronski and, Daniel[l38] 
using the free electron trapping  and recombination kinetics (free carrier 
tran sp o rt model) proposed by Rose[96] over the tem perature range of 
~  350 ° K to 120 ° K. However a more realistic modeling is needed in the 
analysis of doped samples because of dopant-created  dangling bond defect 
s ta tes . .
Beyer and Hoheisel[l39] dem onstrated a unique correlation between 
photoconductivity and dark  conductivity for undoped, singly doped, and 
com pensated a-Si:H films and explained the results with the aid of the 
A nderson-Spear mo:del[l40]. In their . model, two distributions of defect 
centers near midgap produce negatively and positively charged s ta tes  
(depending on the Ferm i level location) as recombination centers for holes 
and electrons, respectively. These recom bination centers control the 
recom bination lifetime and eventually photoconductivity.
Y anier e t.a l .[ l4 l] have reported therm al quenching and supralinearity  of 
photoconductivity  in undoped a -SkH films. They proposed three sets of
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s ta tes  w ithin the gap (the so called competing recom bination center model) 
orig inatedIy proposed by Rose[96] and studied in detail la ter by Bube[l42] to  
explain the shape of tem perature and intensity dependence of the 
photoconductivity curve in terms of Fermi level position. Their analysis is 
restricted  to undoped m aterials because the therm al quench and 
supralinearity  properties disappear for doped m aterials. Gu et.al.[l43] have 
solved the transport equations analytically using appropriate  assum ptions to 
analyze the therm al quenching and supralinear phenom ena of
photoconductivity in a-Si:H.
C haudhuri et.al.[l44] studied the effect of mixing hydrogen with silane 
on steady-sta te  photoconductivity as well as the optical properties of a-Si:Jl 
films. They also observed a hump and valley shape in the tem peratu re  
dependence of the photoconductivity. As the light intensity decreases the 
feature is more pronounced. A similar result has been observed by Vanier 
e t.a l . ' 14 1 • and McMahon and Xi[l45] although the size of the hump and 
valley is quite different. They have interpreted the variation of the exponent 
7 for the light intensity dependence of photoconductivity ((TpJi= I’') as 
monomolecular and bimolecular recombination processes under different 
light-intensities.
McMahon and Xi[l45] introduced light-induced donors (LIDs) positioned 
a t 0.23 eV from the valence band, in addition to the G aussian-shaped 
dangling bonds and exponential distribution o f tail s tates to explain the 
hum p and valley feature in the tem perature  dependence of 
photoconductivity.
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K agaw a e t.a l.[146] have studied the effect of the Fermi level position on 
photoconductivity in a-Si:H using M OSFET devices, w ithout making the 
assum ption th a t the recom bination mechanism changes as the  Ferm i level 
shifts. They have also analyzed the light intensity dependence of the 
photoconductivity dependence on the conduction band tail s ta te  profile as 
suggested by Rose[96].
An interesting feature of the various experimental results is that there 
appears to be a different temperature and intensity dependence of 
photoconductivity for a-Si:H films grown under different deposition 
condition. Therefore, it is valuable to develop a comprehensive theoretical 
model for the photoconductivity of a-Si:H to analyze these results.
Okam oto e t.a l.[147] presented an analytical steady  s ta te  
photoconductivity model for a-Si:H containing discrete dangling bond defects 
and exponentially distributed tail states. They dem onstrated  the light 
intensity and tem perature dependence of the s teady -sta te  photoconductiv ity  
under special cases by assuming th a t the recom bination process occurs only 
though the discrete dangling bond defect states.
Recently, Hack e t.a l .[148] have performed com puter sim ulations to 
study the tem perature and intensity dependence of photoconductivity  using 
four different exponentially d istributed gap sta tes  to explain dopan t-created  
gap states* The gap s ta te  model used in their photoconductivity  analysis is 
not consistent with the one they used to analyze p-i-n solar cells.
More recently, V aillant and Jousse[l49] proposed a simple model of 
recom bination a t discrete dangling bonds to explain the s teady -sta te  
photoconductivity and the variation of the exponent 7 for the  light in tensity
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dependence of photoconductivity. Later, V aillant et.al.[l50] incorporated 
recombination through an asymm etrical exponential distribution of tail states 
with the discrete dangling bonds to explain a thermal quenching feature in the 
tem perature dependence of photoconductivity.
All the research groups m entioned above have utilized a free carrier 
transport model to analyze the tem perature and intensity dependence of 
photoconductivity. Spear e t.al.[l5 l] and Loveland et.al.[l52] have proposed a 
phonon-assisted hopping transport kinetics model to explain their 
photoconductivity results for T < 250  0K.
In Appendix B, the generalized formulae describing the photoconductivity 
as a function of light intensity, tem perature, and spin density for the same 
gap state  model proposed in C hapter 2 are set up. Section 5.2 presents the 
numerical results of calculations of the light intensity, tem perature, and spin 
density dependence of photocond uctivity under various conditions. A 
comparison of the experimental and calculated results will be made. In 
section 5.3, other model calculations will be analyzed by comparing them with 
the present results. In the last section, the photoconductivity study is 
summarized.
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5.2. R esu lts  and D iscu ssio n
5.2 .1 . P h o to c o n d u c tiv ity  vs L ig h t-In ten s ity
It is well known that the light intensity dependence of
photoconductivity for an undoped a-Si:H film is given by
<Vh =  I '  ( 5 ->)
where 7 'is  a constan t over a range of light intensities. A large num ber of 
investigations for 7 values have produced values between 0.5 and 
"I [HO,138,151,1.55].' A 7 value close to unity has been in terpreted  as due to a 
monomolecular type recom bination process, while 7 = 0 .5  has been taken as 
a bimolecular process[96,97]. However a 7 of 0 .7~  0.9 can not always be 
explained by a simple recom bination model such as mono- and bi-molecular 
processes.
The reasons for the varying in tensity  dependence obtained from 
different laboratories are still not fully understood. Therefore, a detailed 
analysis and discussion will be presented in this section and section 5.4 to 
clarify the problem of the light in tensity  dependence of photoconductivity.
Staebler and W ronskijllO] and W ronski[l56] studied photoconductivity 
as a function of light intensity  for an undoped a-Si:H film after annealing 
and subsequent prolonged exposures to light to exam ine light-induced 
changes of photoconductivity  as shown in Figure 5.1. They found values of 
7 == 0.8 for low intensity and 0.5 for high intensity  in the annealed sta te . 
This converted to a single 7 = 0 .8 9  afte r prolonged exposures to light (for 
incident light intensity from IO12 to  IO17 [photons/cm 2-sec]). It is very useful 
to analyze these experim ental results because one can obtain  fruitful 
inform ation about both the photoconductiv ity  and the light-induced changes
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of photoconductivity.
In our model calculation, uniform values of generation rate , G, are 
calculated using the following equation:
G(X) =  [I -  e - ' 'lx)d)-lph/d  (5.2)
where d is film thickness [cm], <v(A) is the absorption coefficient a t a specific 
wavelength [cm-1], and Iph is the light intensity  [photons/em 2-sec]. We shall 
consider generation rates, G, in the range of 10]6~  IO21 [ph/cm 3-sec] which 
corresponds to the light intensity  of IO12, H)17 [ph/cm 2-sec] a t an energy of
about 1.98 eV.
The dangling bond defect density lor an undoped a-Si:H film can vary 
over orders of m agnitude, depending on the deposition param eters and 
processes. Dangling bond defect s ta tes  are usually m easured by electron 
spin resonance(ESR), phototherm al deflection spectroscopy(PDS), deep level 
transien t spectroscopy(DLTS), and C-V techniques. A lthough each 
technique has its own advan tage  and disadvantage, high quality undoped a- 
Si:H films exhibit, a dangling bond density of about 1~  5x l 015 [cm-3] 
[70,81,157],
There are a few experim ental techniques to m easure the dangling bond 
defect sta tes as m entioned before. It has been sometimes reported th a t the 
to ta l dangling bond concentration is lower th an  l.OxlO15 [cm-3] for an 
undoped a -Si:11 film[52,75,158]. ESR m easurem ents predict slightly lower 
to ta l dangling bonds th an  other techniques because the ESR technique 
detects only neutral dangling bonds. A lthough neu tra l dangling bond 
states(D °) are much larger than  D+ and D-  s ta tes  for an undoped a-Si:H
1 3 7
film, the to ta l dangling bond density may be less than  expected. Since an
■ ;
unintentionally  doped a-Si:H film, in particu lar, shows fewer neutral 
dangling bond sta tes  than  a pure undoped a-Si:H, the to ta l dangling bond 
s ta tes  would be underestim ated significantly if unintentional doping is 
present.
The dark  conductivity for an annealed sam plejl 10,156], which is the 
upperm ost d a ta  in Figxire 5.1, is the order of 10 6 [l/ll-cm ]. As shown in 
Figure 4.5, the model calculation of a completely undoped film (in case of no 
background doping) predicts a dark conductivity of order of 10 11 [l/H-cm] 
which is much sm aller than  the values for the annealed sample]! 10,156] used 
in the photoconductivity  study. Consequently, based on the model 
calculation, this particu la r annealed a-Si:H film is thought to be 
unintentionally  doped by foreign im purities, e.g., oxygen, air, or phosphorus 
etc.. The unin ten tional im purity concentration (phosphorus im purity is 
incorporated  into our model) is varied to obtained a dark  conductivity of 
~  IO 6 [l/H-cm ] in the model calculation.
As m entioned before, it is believed th a t the light-induced changes in 
photoconductiv ity  are due an to increase of the dangling bond density. 
Therefore, the dangling bond concentration is simply increased in the model 
calculation to examine the photoconductivity  under light soaked conditions.
In order to be self-consistent w ith the previous model calculations, the 
same device param eters (fisted in Table 4.1 of C hapter 4) are used w ith the 
proposed g ap -sta te  model. The param eters used in the photoconductivity 
calculations are  fisted in Table 5.1. The free carrier cap ture  cross-sections 
for ta il and dangling bond defect s ta tes  will be discussed later.
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Figure 5.1 The model calculations of photoconductivity as a function of 
the generation ra te  for undoped annealed and light soaked 
films (Experim ental d a ta  were obtained from j l56]).
Table 5.1 Param eters used in the model calculated photoconductiv ity
p a r a m e t e r v a lu e
e n e r g y  g a p ( E g) 1.72 eV
donor e n e r g y  Ievel(from  E v) 1.57 e V
D + tr a p  leve l  w r t  E v(ET.D-b) 0 .72  eV
D  tr a p  leve l  w r t  E V(E T .D -) 1.12 e V
P o s i t iv e  c o r r e la t io n  e n ergy (U ) 0 .4  e V
c h a r a c t e r i s t i c  en erg y  o f  v a le n c e  band t a i l ( K T D ) 43 .3  m V
c h a r a c t e r i s t i c  e n erg y  o f  co n d u c t io n  b a n d  t a i l ( K T D ) 27 m V
c o n d u c t io n  a n d  v a le n c e  b a n d  e ffective  d e n s i ty  o f  S t a t e s ( N c5N v) 2 x l 0 20 c m - 3
d e n s i ty  o f  ta i l  s t a t e s  a t  E = O  and E c (gom ax? gAmax) 2 x l 0 20 c m ” 3
e le c tr o n  m o b i l i t y ( / in) 20  c m 2/V - s e c
hole  m o b i l i ty ( /x p) 6 c m 2/ V - s e c
e n e r g y  b e lo w  E c a t  w h ich  c o n d u c t io n  b a n d  ta i l  b e g in s ( E A C O R N .T) 0 .07  e V
e n e r g y  a b o v e  E v a t  w h ich  v a le n c e  b an d  ta i l  b e g in s ( E D C O R N .T ) 0 .07  e V
s t a n d a r d  d e v ia t io n  o f  G a u ss ia n  d is tr ib u t io n  o f  d on ors 0 .06  e V
s t a n d a r d  d e v ia t io n  o f  G a u s s ia n  D leve l  d is tr ib u t io n 0 .18  e V
b a c k g r o u n d  p h o sp h o r u s  d op in g  c o n c e n t r a t io n l .O x lO 15 c m - 3
d a n g l in g  b ond  d e fe c t  d e n s i ty 1 . 4 x l 0 15 c m - 3
D  — ^D0 hole  c a p tu r e  cr o ss -se c t io n (O P .D -) 4 . 0 x l 0 ~ 16 c m 2
D 0—►D4" ho le  c a p tu r e  cross-sec t ion (C P .D O ) 1 .6 x 1 0 - 16 c m 2
D  + — ^D0 e le c t r o n  c a p tu r e  c r o ss -se c t io n (C N .D -h ) 2 . 6 x l 0 - 1 6  c m 2
D 0—*D e le c t r o n  c a p tu r e  cro ss-sec t io n (C N .D O ) 5 . 4 x l 0 - 1 7  c m 2
c a p tu r e  c r o s s - s e c t io n  for ho les  in the c o n d u c t io n  b an d  t a i l ( C A P .T ) 3 . 0 x l 0 -1 4  c m 2
c a p t u r e  c r o s s - s e c t io n  for e le c tr o n s  in th e  c o n d u c t io n  b a n d  t a i l ( C A N .T ) 5 .O xlO -1 7  c m 2
c a p t u r e  c r o s s - s e c t io n  for holes  in the v a le n c e  b a n d  t a i l ( C D P .T ) 5 . 0 x l 0 - 1 7  c m 2
c a p tu r e  c r o s s - se c t io n  for e le c tr o n s  in th e  v a le n c e  b a n d  t a i l ( C D N .T ) 3 . 0 x l 0 - 1 4  c m 2
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Excellent agreem ent between calculation and experiment, for the 
annealed and the light soaked samples [HO, 156] w ith different light-soaking 
time, is shown in Figure 5.1. The theoretical calculation^ predict the power 
dependence, 7, correctly 0.8 and ^  0.5 in the different intensity 
regimes). The model also predicts, correctly, the values of 7= 0.89  for high 
dangiing bond density samples as well as the overall features of successive 
light-induced changes of photoconductivity. The model calculations have 
been performed assuming recom bination through both tail and dangling 
bond states. N either only tail s ta te  recom bination model nor only dangling 
bond s ta te  recom bination model produce the correct values of 7 .
For purposes of discussion, let us divide the photoconductivity results 
into three different categories, /j =  0.8, 7jj= 0 .5 , and 7jj|=0.89. As shown in 
Figure 5.2, the recom bination processes, both in tail and dangling bond 
states, play an im portan t role in the regime I while the recombination 
through the tail s ta tes is dom inant over th a t  through dangling bond states 
in regime If. As the light in tensity  increases, the quasi-Fermi levels for 
electrons and holes shift tow ard the conduction and valence bands, 
respectively. Therefore, the occupied tail s ta tes monotonically increase with 
increasing light intensity, which gradually leads the recom bination through 
the tail s ta tes  to be dom inant. The occupied tail s ta tes  play a role as active 
recom bination centers. The detailed charge distribution of the annealed 
sample, as a function of generation ra te , is shown in Figure 5.3. The free 
electron, not hole, concentration (more exactly, excess electron 
concentration) is responsible for determ ining the photoconductivity over the 
entire generation range.
A Tail State Recombination Rate 
® Dangling Bond Recombination Rate
1 1 1  m ii l l  I i m j  i n  I i i i l j  I I 11m i |  T T T T T T n f
Generation Rate G [#/cm -sec]
Figure 5.2 Recom bination rates through the tail and dangling bond s ta tes  
as a function of the generation ra te  for, the upperm ost curve 
(annealed film) of Figure 5.1.
I I I I I l I f  I I I I 11 Il I I l  m i n i TTnmf
Generation Rate G [#/cm3-sec]
Figure 5.3 Charge distribution as a function of the generation ra te  for th e  
upperm ost curve (annealed film) of Figure 5.1.
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As the dangling bond density gradually increases, the recombination 
through the dangling bond states becomes dominant over th a t  through tail 
states. Eventually, for dangling bond densities larger than  ~  6 x l0 16 [cm 3], 
dangling bonds are completely dominant recombination centers over the 
entire range of generation. Model calculations for high dangling bond 
density samples (larger than  ~  6 x l0 16 [cm-3]) predict a 7  of 0.89 which is in 
excellent agreement with the experimental da ta  shown in Figure 5.1. The 
actual dangling bond concentration in the experimental sample is not 
known. As shown in Figure 5.4, the charge distribution as a function of 
generation rate for high defect a-Si:H nlms is somewhat different from Figure 
5 .3  which shows the charge distribution of an annealed film. The most 
pronounced difference between the two figures is the free electron and hole 
concentration in the low generation range. Since the dominant charges are 
now D~ and D+ for a high defect a-Si:H film as shown in Figure 5.4, the free 
carrier concentration gets smaller. Consequently the recombination rate  
through the dangling bond states increases with increased defect density.
Now let us justify  the capture cross-sections for free carriers in the tail 
and dangling bond sta tes  Used in the model calculations. As derived in the 
m athem atical formulae of the recom bination processes, there are four 
cap tu re  cross-sections for tail s ta tes  and another four for dangling bond 
s ta tes , respectively.
T ied je[4] estimated the four tail s tate  capture cross-sections from a
fundam ental limit on the ou tpu t voltage of solar cell by assuming th a t  the
recombination process occurs only through the tail states. The capture
7
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Generation Rate G [#/cm3-see]
Figure 5,4 Charge distribution as a function of the generation ra te  for 
dangling bond density of I .OxlO18 [cm- '3].
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[cm/sec], are listed in Table 5.2.
Table 5.2 Capture cross-sections for the tail states[4].
description values[cm2]
capture cross-section for holes in the 2 .3x l0 ~ 15
negatively charged conduction band tail
capture  cross-section for electrons in the 4.OxlO-15
neutral conduction band tail
capture cross-section for electrons in the 4.OxlO-14
positively charged valence band tail
capture cross-section for holes in the 2.OxlO-16
neutral valence band tail
In our preliminary study, these four capture cross-sections were used in the 
photoconductivity calculations. Later, these values with another four for 
dangling bond states were adjusted to obtain a best fit to the experimental 
photoconductivity. The tail s ta te  capture cross-sections were obtained by 
adjusting the ratio of the cross-section of a charged trap  to a neutral t rap  to 
fit the observed photoconductivity as a function of light intensity under the 
same dangling bond sta te  capture cross-sections. The capture cross-sections 
for dangling bond states will be described later.
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VailJant et.al. [150] have used capture cross-sections for electrons and 
holes in the band tail of the order of 10 15 [cm2] in the model calculation of 
the temperature dependent photoconductivity. Meanwhile, Hack et.al.[103] 
have implemented a ratio of charged to neutral capture rate constants as 
high as 1000 for phosphorus doped a-Si:Il in the numerical calculation of 
photoconductivity.
Although the capture cross-sections in charged tail s ta tes  estim ated by 
Tiedje and V aillant et.al. are within the range of our values, the cap ture  
cross-section in neutral tail s tates are ab o u t two decades larger th a n  our 
estim ations. The ratio of our charged to neutral capture ra te  is 600 which is 
factor of 1.7 smaller than  th e  values of Hack et.al.. A sam ple th a t we 
considers a t present, is an unintentionally phosphorus doped a-Si:H film.
There are four capture cross-sections for the dangling bond s ta tes  in the 
model calculations. M oustakas e t.a l .[159] estim ated the hole cap ture  cross- 
section by neutral dangling bonds to be 6x10' 15 [cm2] for a spu ttered  a-Si:l I 
Schbttky barrie r solar cell s truc tu re  using the standard  expression for the 
recombination lifetime, ( l / r  N0VlllO0), with some assum ptions. Abeles 
e t.a l .[157] obtained a hole capture cross-section by neutral dangling bond of 
1.3x10 15 [cm2] for glow-discharged a-Si:ll Schottky barrier from carrier 
collection length m easurem ents. Meanwhile electron cap ture  cross-sections 
for neutral dangling bonds ranging from 2x10-16 to  5xl0~'J5 [cm2] were 
obtained by Jousse and Delenonibus[l60] from sim ultaneous low frequency 
capacitance-tem perature and conductance-tem perature m easurem ent on 
Schottky diodes.
Recently, S tree t[53] and Doghmann and Spear[l6 l] obtained a complete 
set of the  capture cross-sections for th e  dangling bond sta tes . S tree t derived 
the basic expression relating the cap tu re  process w ith the trap-lim ited  




where a is a carrier scattering length and the  rest of the param eters have 
their usual meanings. From  /irN s products m easured from time-of-llight 
transien t photoconductivity, he estim ated the four cap ture  cross-sections as 
listed in Table 5.3. In our prelim inary study, we used these values in the 
m-odel .calculations of photoconductivity and  solar cell perform ance. 
However, these have been adjusted  by scaling the m agnitude to  obtain  a fit 
to  the photoconductivity as well as th e  thickness dependence of solar cell 
param eters[i62-164]. The capture cross-sections used in the model 
calculations are, for convenience, listed in Table 5.3 again.
Dqghmane and Spear; 1511 (hereafter referred to as D-S) deduced the 
four capture cross-sections from the s teady -sta te  double-injection 
htteasurement on an  a-Si:ll p * -i-n 1, p ! -Tr-n"'', and p 1 -/'-n’r junction  devices 
prepared by glow-discharge. ,-.C: y/
It is interesting th a t the ratio  of charged to neutral cap ture  constants 
of Street and D-S are very similar although the m agnitude of the cap ture  
cross-sections shows almost I ~  2 decades difference between them . Several 
of the research grbups m entioned above found cap ture  cross-sections of the 
order of -IO- -5 [cm2] which is the typical value of a Coulomb cross-section. 
However these values are 50 times larger th an  our values which were
I  able 5.3 C apture cross-sections for the dangling bond s ta tes
. ’ ' ’ ' . D' —*D° hole D0- D r hole D + —►D0 electron D0—►D electron C P D -/C P D 0
+  . > + .
cap. cross-sec. cap. cross-sec. cap. cross-sec. cap. cross-sec.
CPD- CPDO CND+ :■/ CNDO C N D + /C N D 0
present 4 .OlO- EhE-Ib 2.GE-16 5.4 E -17 2.5
model
■ • ■ : ■ ■ ■ . ■■ ■ 4.8
Street 2 0E-14 8.0E-15 1.310-14 2.7E-15 2.5
-
v  ' . 4.8
Doghmane 2.7E-16 ElE-IG 5.5E-15 EOE-15 2.4
&  Spear 'I
■■■.: \
— -------:-------------------------:________ : : '5.5-;
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obtained from the photoconductivity study, and almost two decades larger 
than  the value of D-S for holes captured by D-  and D0 states.
At present it is difficult to reconcile the different results because all the 
experiments and the m athem atical derivations require additional 
assumptions for their interpreta tion. Therefore, as one way to check, let us 
examine the capture  cross-sections of Street and D-S using the light intensity 
dependence of photoconductivity results.
Figure 5.5 shows the three different photoconductivity calculations using 
the three different capture  cross-sections listed in Table 5.3 with the same 
capture cross-sections for tail states. Although the capture cross-sections of 
Street and D-S predict lower photoconductivity than  observed in the 
experiment, it is interesting th a t  all three yield almost the same intensity 
dependence of photoconductivity.
The distribution of the recombination ra te  between tail and dangling 
bond states for the case of D-S is similar to our model calculation as shown 
in Figure 5.2. Recombination through tail and dangling bond s tates  are 
both im portant mechanisms a t  low generation rates, while tail s ta tes  become 
dominant recombination centers a t  high generation rates, as shown in Figure 
5.6(a).
S treet’s values give somewhat different results. The tail and dangling 
bond states are both im portan t recombination centers for the whole range. 
Since S tree t’s capture cross-sections are almost twice as large as D-S and 
ours, with the same capture  cross-sections in tail s tates, dangling bond 
states are more im portan t recombination centers than  the tail s ta tes  over 
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Figure 5.6 Recom bination ra te  through the ta il and dangling bond sta tes  
as a function of the generation ra te  using the dangling bond 
capture cross-sections of (a) Doghmane and S pearJl61], and (b) 
S tree t[531.
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increases, tail states are equally im portan t recombination centers as 
dangling bond states a t  very high generation rates.
Due to the different distributions of recombination as a function of 
generation rate between Street and D-S, the charge occupancy is also 
slightly different. The hole quasi Fermi level in the Street model moves 
slower than  in D-S while the electron quasi Fermi level moves slightly faster 
than  D-S model because of the need for charge neutrality. Since 
photoconductivity is mainly determined by the excess electron concentration, 
S tree t’s capture cross-sections predict slightly higher photoconductivity than 
the values of D-S as seen in Figure 5.5. However neither one of them (Street 
or D-S) give the correct magnitude of the photoconductivity as a function of 
generation rate. One might bring up a couple of questions for possible ways 
to fit the model calculations of Street and D-S to the experimental 
photoconductivity. W hat if the to tal dangling bond density is changed? Is 
it possible to fit the model calculations of Street and D-S to experiments by 
reducing the capture cross-sections for tail states? If the dangling bond 
density is reduced, the models predict higher dark conductivity than the 
experimental result. Although the magnitude of photoconductivity is 
increased in the range of low generation rates by reducing dangling bond 
density, the photoconductivity remains unchanged in the high generation 
rate  regime. This is due to the fact th a t  recombination rate  through tail 
s tates is dominant in the high generation ra te  range.
It is possible to fit the model calculation to experiment by reducing the 
capture cross-sections for tail s tates by about two decades. However the 
model with these capture cross-sections could not correctly explain the solar
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cell performance as a function of base thickness which will be discussed in 
C hapter 6 . Based on the light intensity dependence of the
photoconductivity our capture cross-sections are more plausible choices to 
explain the photoconductivity. We further obtain the capture cross-sections 
and dangling bond density independently instead of determining the product 
of them  which is usually incorporated in a-Si:H solar cell modeling. The 
dangling bond density for the undoped sample is determined from the dark 
conductivity result using our model.
Although detailed numerical calculations, based on the complete 
recombination and charge neutrality  equations have been made, it is very 
useful to simplify the photoconductivity problem so th a t  it can be solved 
analytically as this gives a broad picture of the photoconductivity 
characteristics. This has also led us to in terpret more completely the results 
of the numerical simulation.
First of all, let us consider regimes II and III in which recombination 
through tail s tates  is dominant over th a t  through dangling bonds, and vise 
.'vers’a'.- :
In regime II (G >  2 x I 0 18 [photon/cm 3-sec]), tail s ta te  recombination is 
dominant. Starting with the equations (3.47) and (3.48) of the net- 
recombination through tail states, we consider the recombination through 
the donor-dike states, R d, and the acceptor-like states, R a, separately.
•• E,. ■' • E1- '•
R d =  / 5 N , ( E ) [ l - f ( E ) ] d E - / e nNl(E)f(E)dE
Ev Ev
— / p N t(E)f(E)dE =F= npt =  vth(Jndnpt (5.4)
v  Iv : . ■ . . ' 7...
Similarly, :
R a =  VthnpaP nl •. (5-5)"
Thfereforey thfe to ta l recom bination through tail s tates, R t^ t? is
KtIn =  Kd +  R a =  VtluTndTipl +  vthrrpaPiH .(5.6)
In order tO see the analytic solution, one has to simplify equation (5.6) using 
the following; approxim ations (These approxim ations are somewhat different 
from the actual cases obtained from the num erical calculations as shown in 
Figure 5.3). Since h — p, nt -  p t, n ~  A n — Ap, and Ond= O pa m the. 
generation ra te  range of interest,
Ru,t -  2vth<rpa Ann^ ; (5.7),
Now let us consider the occupied acceptor-like states, np using the quasi- 
Ferm i levels for trapped  electrons and holes of the acceptor-like sta tes '))I ], 
and the simplified occupation function.




EA =  Ev — kT-ln
n /c  +  p (5.9)
T(E)V= O E ta <  E <  EC
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=  - 7 —  E tap <  E <  E tan
n + pc
• I Ev <  E <  E tap (5.10)
where c is the ratio of charged to neutral capture cross-section in acceptor­
like states. Then nt can be easily integrated analytically with n — An* 
rr— p, and pc — n.
Et;. e ,:;,
nt = J  §A(E)dE + — — — J g A(E)dE
Ev P c +  n E-;,
E
-  - j T - /  gA(E)dE 





Therefore, the total recombination becomes
'Rlpt -= '2vthVrpaAnn$ oe (An)^r -+ G ;(5*12)
(T + T a )
The recombination rate varies as a power of
T i
with An.
Consequently, the relationship between the photoconductivity and the 
generation ra te  is
Ta
(Tph ev G T +. Ta (5.13)
Since a characteristic  tem peratu re  of the acceptor-like s ta te  of 313 0 K has 
been used, a generation dependence of photoconductivity, G0'51 is expected 
in this regime. It is interesting th a t analytical solution predicts exactly the 
same value as the num erical result although significant approxim ations were 
made. If the to ta l recom bination ra te , equation (5.7), is simplified in term s




with A p. Therefore, a generation dependence of
photoconductivity, G0 625 *1S obtained in this regime because a characteristic  
tem peratu re  of the donor-like sta te  of 500 0 K has been used. The value of 
0.625 is somewhat different from the value obtained from the detailed 
num erical calculation. Consequently, the acceptor-like tail s ta tes  are main 
recom bination channel in tail s ta te  recombination based oil th e  num erical 
and analytic solutions. However one should remember th a t the charge in the 
occupied conduction band tail states is underestim ated due to zero- 
tem peratu re  occupation function. Therefore, although the analytical 
solution shows the same value of 7 as the numerical prediction one should 
always keep in mind th a t it still contains some approxim ations.
Now let us examine the regime IITin which the recom bination in the 
dangling bond sta te  is dom inant. Starting with equation (3.79) for 
recom bination through dangling bond states, then 
(i) s = - l  case
. \  r D H j-) =  (D-1 +  Do)'
vthc(n,—l)c(p,0)(pn—rij2)
c (n ,- l) [n + n ‘( - ' “ )] +  c(p .°)[p +P*(—“ )]
(5.14)
The expression for RD( - l / 2) can be simplified since D0 »  I) n »  n , 
p — p , and A nAp > >  A np0, A pn0
ii..i > •' I'.:-
vthc(n ,—l)c(p ,0)ApAn
c (n ,- l)A n  +  c(p,0)[A p+ p‘(-^ -) ]
,  2 . ..
(5.15)
Using the assum ptions th a t c (n ,- l j— c(p,0), arid An — Ap, then
I D0vthc(n ,—I)
Rd( - ^ ) - ;  3  'An ; (5.16)
(ii)A==Ocase ’A’V 't^A A  ' A A '' AA,::A''', -
The same argum ent can be made as for s= --l. The RD( l / 2) can be
simplified to
R vJ_\ ~  D vthc(n,0 )c(p ,l)A pA n .
D 2 0 c(n,0)An c(p ,l)A p
Using fu rther assumptions, An — Ap, c(n ,0) — e (p ,l), then




Therefore, the to ta l recom bination through dangling bond s ta tes , R tQt, is
Hot — R d(~  2  ^ ^  ( o )Uv 2
D°c(n,—I)
T  l)°c(n,0) An (5.19)
If one lets c (n ,- l)— c(n,0), then 
_  4 P °c (n ,- l)  v.
A m A (5.20)
Therefore, photoconductivity varies linearly with G, namely
AOph;oc,G (5.21)
The analy tic  solution predicts values for 7  higher than  is observed. This is 
due to the fact th a t the analytic solution does not take into account the ta il 
recom bination a t all. The difference between the num erical and analytical
158
solution for the values of 7 can be seen. This difference w ith o ther model 
calculations will be discussed details in section 5.3.
Based on the above analysis, one intuitively expects th a t  the power 
dependence of 7 is between I and 0.5 in regime I where ta il and dangling 
bond states are both im portant recombination centers. In this case, the to tal 
recombination becomes
Ta+T
Rtot -  Rt1Ot +  Rt1Ot =  Kt -(Au) Ta +  K 0 -An (5 ,2 2 )
where K t and Kd are constants.
Tiie detailed numerical calculation for tail s ta te  recom bination only or 
dangling bond states only will be considered to compare with o ther model 
calculations in section 5.3.
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5 .2 .2 . P h o to c o n d u c t iv i ty  vs T e m p e r a tu r e
Since the properties of a-Si:H films fabricated by the glow-discharge 
technique depend strongly on the plasma conditions during film formation, it 
is very difficult to manipulate all the param eters in the complex reaction 
taking place during film growth[l65]. It is interesting to note th a t  
significantly different features can be observed in the tem perature  
dependence of the photoconductivity from different laboratories under a 
variety of fabrication conditions, e.g., fabrication param eters, processes, and 
techniques, etc.. There are also ambiguities in the measured tem perature  
dependence of photoconductivity because many of studies have given no 
consideration to the effects of the thermal and optical exposure histories of 
the films. Furthermore, there is the problem of hydrogen evolution which 
occurs on heating glow discharge a-Si:H films-[l66]. These facts make it 
difficult to analyze the experimental results in detail, and more difficult to 
precisely fit the photoconductivity because the magnitude of the 
photoconductivity of similar undoped a-Si:H films can Vary by over an order 
of magnitude, depending on the fabrication conditions. Therefore, we will 
characterize the overall features of photoconductivity as function of 
tem perature  instead of . precisely fitting the photoconductivity. This will 
allow us to understand which physical param eters control the shape of the. 
curves. .
First, let us examine an annealed a-Si:H sample similar to the one 
which has been considered in the light intensity dependence of 
photoconductivity. Figure 5.7 shows the model calculation for the 
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param eters listed in Table 5.3, except the dangling bond density. A 
dangling bond density of I .OxlO15 [cm-3 ] is used for the model calculations. 
The theoretical curves exhibit features which are typical of the 
photoconductivity  observed by m any research groups[136,138,151,167,168].
Following Simmons and Taylor[l69], we label the three parts  of the 
photoconductivity  curve regimes I, II, and III as shown in Figure 5.7. In 
regime I (the left side of the dark  conductivity line) shown in Figure 5.7, the 
photoconductivity  is less th an  the dark  conductivity because the equilibrium 
free carrier concentration is larger th an  the excess carrier concentration. 
The photoconductivity  increases w ith decreasing tem peratu re  because the 
excess electron concentration gradually increases. Meanwhile, in regime II 
(the right side of the dark  conductivity line), the photoconductivity  is larger 
than  the dark  conductivity and decreases as tem peratu re  decreases because 
the recom bination fa te  through tail s ta tes  increases. Since the occupied tail 
s ta tes  gradually  increase w ith decreasing tem peratu re  as shown in Figure 
5.8, the free electrons and holes are cap tured  by these sta tes . Consequently, 
the photoconductivity  decreases w ith decreasing tem peratu re  and the 
recom bination through the ta il s ta tes  is dom inant over th a t  through the 
dangling bond states for generation rates of 1x10 and 1x10 
[photon/cm 3-sec] as shown in Figure 5.9.
In regime IIIj based on th e  analysis of Simmons and Taylor, the 
photoconductiv ity  does not fall rapidly as in regime II and can approach a 
tem perature-independent value. A lthough the model calculation tends to 
show a sm aller slope in regime III than  th a t in regime II, it does not become 
tem peratu re  independent as predicted  by Simmons and Taylor. A possible
1 X10 [#/cm -sec]
Figure 5.8 Charge distribution of an annealed film as a function of 

















G l = 1 x 1020 [#/cm3 -sec]
•  Tail State Recombination Rate
A Dangling Bond Recombination Rate
Gl =I  x 1017[#/cm3 -sec]
■ Tail State Recombination Rate
♦ Dangling Bond Recombination Rate
1 0  -
Figure 5.9 Recom bination ra te  through the tail and dangling bond sta tes 
of an annealed film as a  function of tem peratu re  for the 
generation ra te  of Ix lO 17 and Ix lO 20 [# /c m 3-sec].
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explanation may be due to the hopping process between the localized tail 
s ta tes  [151,170] in the low tem peratu re  range, and the tem perature- 
independence of the capture cross-sections. None of these are, a t present, 
incorporated into our model.
Spear et.al. [l5l] m easured two different slopes (which are considered as 
activation  energies] of the tem peratu re  dependence of photoconductivity in 
regimes II and III. The observed activation energies in the tem perature  
ranges of 250 0 K -  330 0 K and below 250 0 K were found to be 0 .1 3 -  0.17 
eV and 0.07 — 0.1 eV, respectively. A lthough the tem peratu re  ranges are 
not precisely the same as for our model calculations, the m agnitudes of the 
activation  energies are in fairly good agreem ent as shown in Figure 5.7.
Shirafuji et.al.[l67] also observed two different activation energies 
between 20 0 0 K and 367 Q K, which is a much narrow er tem perature  range 
th an  for our model calculation. It is interesting th a t the model calculations 
do not predict two different values in the tem peratu re  range of interest 
although the overall shape of photoconductivities are similar. Shirafuji e t.a l. 
obtained slightly higher activation energies of 0.17 ^  0.22 eV in the 
tem peratu re  range of 295 0 K -  400 0K and a lower activation energy of 0.02 
eV below 295 p K than  did of Spear e t.a l .[151].
Hasegawa and Imai [168] also observed an activation  energy of 
0 .2 — 0:22 eV in the high tem peratu re  regime for an annealed a-Si:H film a t 
550 C although they  found completely different features fqr an as-grown 
sample.
W ronski and Daniel[l38] observed an activation energy of 0.2 eV for 
tem peratu res below 170 0 K, and a lower activation energy of 0.1 eV above
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170 ° K. Although the activation  energies of W ronski and Daniel and Spear 
e t.al. a,re com parable in the high tem perature  regime the results are in 
co n trast to each other in low tem pera tu re  regime. While Spear et.al.[I5 l] 
assum ed th a t the density of localized sta tes  which has im portant role in the 
recom bination process has a peak a t 0.4 eV below the conduction band, 
W ronski and Daniel[l38] have observed no evidence of the large peak in the 
gap s ta tes  a t 0.4 eV. Based on our model calculation, the location of the 
peak  of the gap s ta tes  can not explain the above contradiction of the 
activation  energies in the low tem perature  range because the recom bination 
through the tail s ta tes  is dom inant a t low tem peratures. As explained 
before, this particu la r problem  is very difficult to analyze because no 
detailed inform ation of experim ental processes, e.g., tem perature and optical 
histories during m easurem ents, is available. W ronski and Daniel also 
observed th a t the photoconductivity  is virtually  independent of tem perature 
a t high tem peratu res (300~  350 ° K) which is similar to our model 
calculation. They did not m easure the photoconductivity above 350 0 K, 
where the photoconductivity  is expected to decrease due to higher 
equilibrium  free carrier concentrations than  excess carrier concentrations.
A nother interesting phenomenon is th a t a very lightly phosphorus doped 
a-Si:H film[l09,140,17l] also shows features similar to Figure 5.7. Therefore, 
an  undoped a-Si:H film which unintentionally  incorporates a foreign im purity 
dopan t (which could be n-type) during annealing or fabrication has the 
features of Figure 5.7.
As a good example o f this, Hasegawa and Imai[l68] investigated the 
effect of annealing on photoconductivity . They observed a shape similar to
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Figure 5.7 for a film annealed a t 550 0 C while they found completely 
different features for an as-grown a-Si:H sample. An annealed sample shows 
a lower photoconductivity  th an  an as-grown film a t the same generation 
rates due to high tem pera tu re  annealing which may cause hydrogen to 
reform different s truc tu re  after breaking a bond between hydrogen and 
silicon atom . Consequently, the photoconductivity decreases with increasing 
the dangling bond density due to hydrogen reform ation. Since we have not 
incorporated th is effect into our model calculation the photoconductivity is 
not expected to be the same order of m agnitude as the observed 
photoconductivity. However, one could analyze such an annealed a,-Si:H film 
as unintentionally  doped with a foreign im purity during annealing.
Now let us examine an as-grown film which is considered as not having 
any unintentional im purity dopant. The model calculation is performed 
with the same device param eters used in calculation of the annealed film 
except for the doping.
Figure 5.10 shows the computed photoconductivity with zero doping 
concentration, which yields different results from the annealed film. 
However the charge distribution of the as-grown a-Si:H film as function of 
tem peratu re  is similar to th a t of the annealed s ta te  except for the im purity 
dopan t as shown in Figure 5.11. Since no im purity dopant is involved in this 
model calculation the dom inant charges become the D~ and D+ charge. The 
analysis of the low tem peratu re  regime is very similar to  the analysis of
annealed s ta te . The recom bination ra te  through the ta il s ta te  is also 
dom inant over th a t through the dangling bond sta tes as shown in Figure 
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Figure 5.10 Model calculated photoconductiv ity  and the dark  conductivity 
of an intrinsic a-Si:H film as a function of tem peratu re  for 
various generation rates.
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Figure 5 .11 Charge distribution of an intrinsic a-Si:l I film as a function of 
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Figure 5.12 Recom bination ra te  through the ta il and the dangling bond 
s ta tes  of an intrinsic a-Si:H film as a function of tem peratu re  
for the generation ra te  of Ix lO 17 and Ix lO 20 [ff /c m 3-secj.
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different because the excess carrier concentration is always larger th an  the 
equilibrium free carrier concentration. Therefore, the; photoconductivity 
keeps increasing up to high tem perature regime.
The model calculation predicts features which are Very similar to the  
tem perature  dependent photoconductivity observed by Hasegawa and 
lrnai[168' for an as-deposited sample. Therefore, our model calculations 
predict their experim ental results for an annealed and an as-deposited film.
Dixit e t . a 1. 117 2 ■ also observed very similar shapes to  th a t of the model 
calculation for glow discharge a-Si:H fabricated in cascade reactors and 
independent reactors. As they observed, the model predicts th a t  the 
transpo rt of the carrier in the case of dark conductivity has a single 
activation energy in the tem pera tu re  range studied while for the case of 
photoconductivity more than one activation energies is observed.
Furtherm ore, the  observed dark  conductivities a t room tem perature  are 
IO- 10 ~  10 l:$ 11 /il-cm l. The model calculation of room -tem perature dark  
conductivity for as-grown a-Si:H film predicts the order of IO-11 l/12-cmj.
This fu rther supports the fact th a t as-grown a-Si:H sample has less 
Unintentional foreign impurities and shows a completely different shape 
(Figure 5.10) from the annealed sample.
Although some experim ental results show good agreem ent with model 
calculations for the m agnitude of the photoconductivities for some cases, it 
is difficult, to examine each experim ental result because different 
experim ental param eters (e.g. substra te  tem perature, gas pressure, and r.f. 
power, etc.) are widely variable. T h a t is why we examine th e  overall 
features of the tem perature-dependent photoconductivity instead of
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comparing the m agnitudes
Although a -Si:11 films fabricated by the r.f.-glow discharge technique
have been considered in th is thesis, it is interesting th a t most of the a-Si:H 
films fabricated  by the CVD method[l73-177], in particu lar post- 
hydrogenated CVD a-Si, show very similar features to Figure 5.10. The 
detailed analysis related to the CVD a-Si:H film will be reserved for a fu ture 
study.
1 7 2
5 .2 .3 . P h o to c o n d u c t iv i ty  vs S p in  D e n s ity
The spin dependence of photoconductivity  in a-Si:H is another method 
of studying both the recom bination m echanism and the natu re  of the 
recom bination centers. In a-Si:H samples with a large dangling bond 
density, the spin dependence is dom inated by non-radiative recom bination a t 
these defects[l78]. The spin densities (D0 s ta te  of the dangling bonds) are 
identified by an ESR signal with a gyromagnetic ratio  of g=2.0055 and have 
a maximum in undoped m aterial[l77].
Street[l80] m easured the photoconductivity as a function of ESR spin 
density in the range of IO15 [cm 3J to IO18 Jcm "3]. Samples were fabricated 
by varying the deposition conditions[l8l] (e.g., r.f. power, silane 
concentration in SiH4-Ar m ixture, substra te  tem peratu re, bias voltage, and 
pressure variation). The incident light intensity  for the photoconductivity 
m easurem ent was about 10 m W /cm 2 ( ~  3 .0 x l0 16 ph o to n /cm 2-sec). He 
believed a t least 70 % of this light was absorbed in the sample. Using 
equation 5.31, one obtains a generation ra te  of about 2 x l0 19 [photon/cm 3- 
sec] for 70 % light absorption.
As the spin density increases, the photoconductivity  is observed to 
decrease, with the decrease being most rapid for spin densities above 3 x l0 16 
[cm 3] as shown in Figure 5.13. A similar result is observed in ion- 
bom barded and annealed samples in which the dangling bond density of 
course changes [182].
Let us now compare our model calculation with experim ent. The 
theoretical calculation was perform ed with the param eters listed in Table
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Figure 5.13 ESR spin density dependence of photoconductivity  
(Experim ental d a ta  were taken  from [180]).
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were assumed, as before. Excellent agreem ent between the calculations and 
the experim ent is obtained for the whole range of ESR spin density as shown 
in Figure 5 . 1 3 .  As seen in the figure, the theoretically calculated 
photoconductivity also drops sharply for spiri densities above 3 x l 0 16  [cm-3]. 
Ih is  is due to the fact th a t the recombination through the dangling bond 
s ta tes  s ta r ts  to dom inate over the recom bination through the tail states for 
spin densities above 3 x l 0 16  [cm-3] as seen in Figure 5 . 1 4 .  As the spin 
density increases further, recom bination through the dangling bond states is 
completely dom inant. Recom bination through the tail states is im portant 
for low ESR spin densities. As shown in Figure 5 . 1 4 ,  recombination only 
through the dangling bond states cannot explain the observed 
photoconductivity  for spin densities below 3 x l 0 16  [cm-3]. The results are 
alm ost the same for recom bination only through the dangling bonds and 
both through the tail and dangling bond states in the high spin density 
regime because the recom bination through the dangling bond states is 
dom inant.
S tutzm ann et.al. [183] also observed th a t the decrease of the 
photocurrent were monitored due to increasing dangling bonds when the a- 
Si:H film was illum inated inside the microwave cavity w ith monochromatic 
light. They found a spin dependence of the photoconductivity of O ptl  o c  
DSpin_0‘85 f° r s P i n  densities between 5 . O x l O 15  and I . O x l O 17 [cm-3]. Our 
model calculation predicts O ptl  o c  Dspin 0 82 as shown in Figure 5 . 1 5 .  In the 
model calculation, Dspin is the to ta l ESR spin density which includes the 
right-induced dangling bonds and the equilibrium dangling bonds.
A. Dangling Bond Recombination Rate 
■ Tail State Recombination Rate
Spin Density (D - states) [cm ]
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The luminescence intensity ' [181,184] as a function of spin density shows 
resrilts which are very similar to the spin dependence of the 
photoconductivity . It therefore seems apparen t th a t the same recom bination 
processes are im portan t in both experim ents. These observations provide 
fu rther confirmation of a recom bination model in which both tail ■ and 
dangling bond sta tes  act as recom bination centers in a-Si:H.
5.3. A n alysis  and C om parison  w ith  O th er R esu lts
Several different mod the light intensity and tem peratu re
dependence of photoconductivity have been proposed[93,136,141,145,147- 
150]. In this section, we will examine the basic physical concepts used in the 
other models and compared them  with our results.
Hack e t.a l .[ 148] used four different exponentially d istributed gap sta tes 
to describe the gap states. They assumed th a t there- is a continuous 
distribution of recombination centers (dangling bonds together - with other 
defects) throughout the gap. They used such a gap s ta te  spectrum  to 
explain the two different values of for undoped and doped samples a t low
and high generation rates.
Figure 5.16(C) presents the numerical results for an undoped sample
(unintentional dopant is absent in the model calculation) with recom bination 
only through the tail states. The model calculation predicts a single value
of for the entire range of generation rates. As generation ra te  increases, 
the photoconductivity increases with a single value of > as shown in (C) of 
Figure 5.16 due to 'increasing excess carrier concentrations. In order to
obtain  a different value of 7 in the high generation rate  range, different 
characteristic  slopes of the exponentially d istributed gap s ta tes  should be 
needed. Their ta il s ta te  density spectrum  with steeper characteristic  slopes 
rapidly  increases charged tail states. Since these tail s ta tes ac t as active 
recom bination centers, recom bination ra te  through the tail s ta tes  increases 
rapidly as well. Photoconductivity does not increase constantly  all the way 
up to high generation ra te  due to the reduction of the excess carrier 
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Figure 5.16 Photoconductiv ity  as a function of generation ra te  for different 
models; (A) recom bination through the ta il and dangling bonds 
with Nd= F x IO15 [cm” 3] and D totaj=  1.4 x l0 15 [cm- ] ,x  (B) 
. recom bination O n ly th ro u g h  the dangling bonds with Nd = O  
and Dtotal =  1.4 x l0 15 [cm-  ], (G) recom bination only through
the tail s ta tes  w ith Nd = O  and D totaj — 1.4>.1015 'em -3], (I))
recom bination through the ta il and dangling bonds with Nd =O  
aiKi Dtota|= 1 .4 x l0 15 [cm 3].
high generation rate  range.
However Hack et.al.[l48] have not considered this gap-state  spectrum  
for a p-i-n solar cell analysis because they believe the deep gap s ta tes  do not 
affect th e  solar celt characteristics for a high quality a-Si:11 film. A lthough 
this may be tru e  to some extend, the dangling bond sta tes  also influence the 
solar cell characteristics. This will be discussed in C hapter 6.
The calculations of photoconductivity of (A) and (D) in Figure 5 .16 were 
m ade as a function of generation rate  under the same m aterials param eters 
and recom bination processes except doping. Our model calculations can 
explain the effect of the "doping sensitization '’ because a small am ount of 
doping can increase the photoconductivity (see Figure 5.16 (A) and (I))).
VailIant and Jousse[l49] proposed recom bination a t the dangling bonds 
to explain the steady-state  photoconductivity and the 7 variation. They 
used discrete dangling bonds which act as recom bination centers while ta il 
s ta tes  act as trapping centers under illum ination. T hey studied the 
variation of 7 for various values of dangling bond density, energy levels, tail 
s ta tes , and the ratio  of the  charge to neutral s ta te  capture cross-sections. 
Although 7 varied between 0.5 and I the device param eters which they
chose are somewhat arb itrary . The quantities chosen in their model 
calculations need to be checked to see physical meanings based on 
experim ental da ta .
V aillant and Jousse used statistics of the trapping  and recom bination 
through the  dangling bond states which are very similar to ours. However
th e y  used simple discrete trapping centers for their dangling bond model 
instead of multiple trapping in the  tail states. Since it is difficult to
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compare their results to our model calculations in detail, a simple 
calculation was performed for an undoped sample (unintentional dopant is 
absent) w ith recom bination only through the dangling bond states. As 
shown in Figure 5.16, the model gives a single value of 7=  I, which is the 
same as the analytical prediction of section 5.2.1. The present model 
calculation explains their special case of a value of I for 7. It is, however, 
not difficult to obtain their o ther values of 7 by choosing a rb itra ry  m aterials 
param eters. In such a case, one should justify  the m aterials param eters 
chosen in model calculation and also check self-consistency with other 
experiments. This is the most im portan t in device modeling as explained 
before.
O kam oto e t.a l.[147] have derived the photoconductivity: vs intensity 
characteristics under the assum ption th a t the recom bination occurs only 
though the dangling bond s ta tes  and th a t  the tail s ta tes  ac t as trapp ing  
centers. In their analysis, they categorized the light intensity  dependence of 
the photoconductivity into four different regimes. They obtained 7 = 1  for 
low excitation which is the same result as the model calculation for an 
undoped a-Si:H film assuming recom bination only through the dangling bond 
states. However our model calculation for recom binations both through 
dangling bond and tail s ta tes  actually  predicts a power varia tion  of 0.8 for 
low generation rates as shown in Figure 5.16. M eanwhile they obtained 
T C/(T + T C) and 0.5 for the values of 7  for relatively high and very high 
generation rate  regimes (they defined the generation ra te  regime in terms of 
excess carrier concentration). Since the characteristic  tem peratu re  for the 
conduction band tail T c has been taken  as 313 ° K in our model calculation
T c/(T + T e) — 0.51 which is the same as the  observed value of 0.5 for very
high generation rates. It is interesting th a t  their analy tic  solution, 
considering only the dangling bond recom bination, shows the sam e result as 
the detailed num erical calculation for recom bination through dangling bond 
and the tail states. Their solution also shows the same result as analytical 
prediction for recom bination only through the tail s ta tes  in the high 
generation rate  range. In other words, although they have not considered 
the tail s ta te  recombination process in their model calculation, they predict 
a 7 of 0.5 for high generation rates. This is due to simplified equations for 
tail s tates which they  used. In particu lar, they approxim ated the tail s ta tes  
in term s of n and p instead of solving exactly (see [147] for d e ta ils ) /
They used their analysis to  in te rp re t the experim ental result of W ronski
and Daniel; 138! who observed a transition  of the light intensity  dependence 
from 0 .7 ~  0.9 to 0.5. They postu lated  th a t  this observation corresponded 
to the transition  from the T C/(T  I T c) regime to the 0.5 regime predicted 
above. In this case, the characteristic  tem peratu re  for the conduction band 
tail T c should be much higher than  313 0K  (about 1200 0 K). However, 
based on our analysis, a "■ of 0.7 ~  0.9 is due to recom bination through both 
dangling bonds and tail s ta tes , and the transition  to 0.5 is due to the fact 
th a t tail s ta tes become dom inant recom bination centers a t high in tensities. 
Therefore, they reached the same conclusions as we did, but with different 
reasons.
Stutzrnann et.al.[l83] found 7 to be 0.92 in the annealed s ta te , and 1.04 
after prolonged illum ination. They analyzed the difference betw een their 
results and typical value of 7  varying between 0.5 and I as due to
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experim ental errors, e.g., non-uniform  illum ination of the sample, surface 
band bending, and the creation of the dangling bonds during the 
photoconductivity m easurem ent itself a t higher illum ination intensities. 
Such a single-valued exponent of 0.92 for an undoped a-Si:H film is not 
Uncommon. Dersch et.al.[55] also observed th a t the exponent in the light 
intensity  dependence of photoconductivity  lies in the range I ±0.05. This is 
probably due to the  fact th a t  these undoped a-Si:H samples may have higher 
dangling bond density th an  expected or low unintentional doping (see Figure
5.16 (D)).
The supra linearity  phenom ena (yi= I) has been reported for undoped 
a-Si:H[l4 l]. Recently, Gu et.al.[l43] in terpreted  the supralinear 
characteristics using G aussian d istributed  'electron  sensitizers" below 
midgap w ith recom bination centers. Since we have not incorporated this 
effect into our model, no fu rther discussion will be given.
Peaks and valleys in the tem peratu re  dependence of photoconductivity  
for undoped a-Si:H film have been observed by a few research groups (see 
[141],[144],[145]). One tends to believe th a t  films deposited under low- 
im purity processing conditions exhibit such a new feature of 
photoconductivity properties because a small am ount of contam inated  
im purity  (e.g., PH 3, air or nitric oxide, etc.) produces strikingly different 
photoconductivity  behavior in an otherwise intrinsic film.
V anier e t .a l .[141] proposed three sets of s tates w ithin the gap (the so 
called competing recom bination center model): (l)hole trap s  in therm al
contact w ith the valence band th a t have a small capture cross-section for 
electrons, (2)recom bination centers near the middle of the gap with a large
cap ture  cross-section for electrons, and (3)electr0n trap s  in therm al contact 
with the conduction band, to explain the peak and valley shape of the 
photoconductivity.
C handhuri et.al.:144j also a ttem p ted  to explain a peak and hump as 
being due to the existence of a hole trap  level which s ta rts  depopulating in 
the high and low tem peratu re  regimes. The existence of this feature in the 
tem peratu re  dependence of photoconductivity  has also been reported and 
discussed by Paul and Anderson [185] for undoped a-Sirll fabricated by the 
glow-discharge technique. The research groups mentioned above a ttem pted
to explain the photoconductivity  result qualitatively but did riot present 
detailed model calculations. T-
Recently, McMahon and Xi HS proposed a density of s ta te s  spectrum  
composed of C aussian-distributed dangling bonds, exponential ta il s tates, in 
addition  to light-induced donors in order to explain the two peaked feature 
in the tem perature  dependence of photoconductivity which they observed. 
Their explanation for these peaks in the as-grown film is th a t the trapped  
holes in ta il and dangling bond s ta tes  populate and depopulate with a 
lowering of the tem peratu re. Since "electronic doping" occurs for this 
lim ited tem peratu re  range, the  photoconductivity  increases and then 
decreases as ta il s ta tes  become recom bination centers with a fu rther 
reduction of tem peratu re.
In their model calculations, they  have used energy dependent capture 
cross-sections for the  ta il states. The energy dependent ta il capture cross- 
sections become the order of 10 17~  10” 20 [cm2; when the energies are 
around 0.2 ~~ 0.4 eV, while they use energy-independent cap ture  cross-
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sections for dangling bond states  th a t  are the order of 10 16^  10 17 [cm2], 
which are equivalent to our values. Although it is not easy to analyze 
exactly which tem perature  the dominant recombination process turns from 
the dangling bonds to the tail states, this probably occurs a t a very low 
tem perature  based on our calculations using their capture  cross-sections. At 
and above room tem perature, the recombination through dangling bond 
states  is dom inant over tail s tates, due to their high dangling bond density 
of ^  IO16 [cm 3] which is an order larger than  our value and the 
significantly smaller capture cross-section for tail states. This the result of 
the fact th a t  since they assumed the locations of the singly and doubly 
occupied dangling bond states a t 0.85 and 1.35 eV, respectively, the occupied 
conduction band tail states are already significant a t room temperature. 
Therefore, they have to reduce the capture cross-sections for the tail states 
under the same capture cross-sections for dangling bonds in order to fit the 
experimental results. Furthermore, their capture cross-sections can not 
explain the thickness dependence of solar cell parameters, e.g., open-circuit 
voltage, short-circuit c u r r e n t ,  fill factor, and the slope a t short-circuit 
. current. . . L i ­
l l i s  also interesting to see the light intensity dependence of 
photoconductivity using their model. It is difficult to analyze the power 
dependence of photoconductivity in detail because they used different 
materials param eters and gap states, e.g., capture cross-sections and LID 
states. It probably predicts, based on our model calculation, an exponent, 7, 
of ^  I until very high- generation rates are reached because the dangling 
bond recombination is dominant over tail s ta te  recombination using their
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cap tu re  cross-sections a t room tem perature.
More recently, V aillant et.al.[l5()’ proposed a model for recom bination 
through dangling bonds and tail s tates to explain the therm al quenching 
photoconductivity . They show the influence of correlated dangling bonds 
and the exponential ta il s ta tes . A t low tem peratures, the photoconductive 
behavior is determ ined by the recombination through band tail s ta tes  while, 
a t high tem peratures, it is dom inated by the dangling bond states. ,
Two research groups (McMahon and Xi[l4S] and V aillant e t.a l.jlt9 ]) 
have reached basically the same conclusion although they have used 
different m aterials param eters, e.g., significantly different capture cross- 
sections: for the tail and dangling bond states, different distributions of the 
dangling bonds, and different locations and correlation energies of the 
dangling bonds etc.. ;
Based on our model calculation for the tem perature dependence of the 
photoconductivity  of undoped a-Sirll film, a model using Croup-B for the 
dangling bond s ta tes  yields the  features of Figure 5.10. Although population 
and depopulation of trapped  holes in the tail s tates and positively charged 
dangling bond s ta tes  with the lowering of tem perature occurs, as shown in 
the charge d istributions of Figure 5.11, the  electron concentration keeps 
decreasing w ith decreasing tem perature. Since photoconductivity is m ainly 
determ ined by the electron concentration, the photoconducivity falls 
monotonically. This is a som ewhat different result from th a t of McMahon
and Xi.
It is interesting to analyze the temperature dependence of 
photoconductivity using the energy levels of Group-A for singly and doubly
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occupied dangling bonds (see Figure 5.17). A broad distribution will be used 
because the charge distribution of Group-A is som ewhat different from th a t 
o f . Group-B.; - A lthough Group-B is still more plausible than  Group-A, as 
explained in C hapter 4 and C hapter 5, it will be shown in this section it is 
worth while examining the tem perature dependence of photoconductivity 
with Group-A because it will predict a different result.
Figure 5.17 shows surprisingly different photoconductivity features from 
Figure 5.10. The peak and valley shape is more pronounced as the 
generation ra te  is lowered. Figure 5.18 depicts the charge distribution. 
Since the locations of the dangling bond sta tes  are 0.47 and 0.87 eV, the 
hole concentration is now larger than  the electron concentration in the high 
tem peratu re  regime (T ^  200 ° K) for a generation rate  of I .OxlO17 
[photon/cm 3-secj. Therefore, the hole contribution is an im portan t factor in 
the photoconductivity  in this tem peratu re  range. The ratio of hole mobility 
to electron mobility determines 'the photoconductivity features. Since the 
ratio  of the two mobilities used is 20 (//.n— 20 [cm2/V-sec] and //,p=  I 
,[cm2/V-secj) the overall shape of the photoconductivity curve is determ ined 
by the populating and depopulating of the electron concentration even 
though the hole concentration is larger than  the electron concentration a t 
high tem peratu re. However, as the hole m obility is increased to 6 [cm2/V - 
sec], which was used for the model calculation of Group-B, the peak and 
valley features d isappear as shown in Figure 5-19 because of the hole 
contribution to the to ta l photoconductivity. Recom bination through the ta il 
s ta tes  gradually  dom inates over recom bination through the dangling bonds 
as the tem peratu re  is reduced, as shown in Figure 5.20.
G [#/cm -sec]
A 1 X 10
■ 1 x 10
♦ 1 x 1017
Figure 5.17 Model calculated photoconductivity  and the dark  conductivity 
of intrinsic film as a function of tem peratu re  for various 
generation ra te . The param eters used in the model 
calcuations are N n=O , Dtotal=  Ix lO 15 ;'cm '3j, //n—20 ;cin2/V- 
sec] and //_••• I [cm /V -sec].
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Figure 5.19 Model calculated  photoconductivity and the dark conductivity 
of an intrinsic film as a function of tem peratu re  for various 
generation rates. The param eters involved in the model 
calcuations are N n = O ,  D totaI =  I x l O 15 [cm-3], / / „ = 20 [cm2/V - 
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°  Tail State Recombination Rate 
•  Dangling Bond Recombination Rate
Gv= 1 x 1017 [#/cm3 -sec]
□ Tail State Recombination Rate 
■ Dangling Bond Recombination Rate
10
1000ri,-l
Recombination rate through the tail and dangling bond states 
of an intrinsic film as a function o f temperature for the 
generation rate of Ix lO 17 and Ix lO 20 H f  /cm 3-sec;.
A t high generation rates (G j/-- Ix lO 20 [photon/cm 3-secj), the  hole 
contribution is less significant because the electron quasi Ferm blevel quickly 
tow ard to  the conduction band edge as shown in Figure 5.21. In addition, a t 
high generation rates, the occupied conduction band ta il s ta tes  a re  rapidly 
populated compared to low generation rates. Therefore, the peak and valley 
in the photoconductivity feature is less pronounced th an  for lower generation 
rates (Figure 5.17). In this case, the tail recom bination is alm ost completely 
dom inant over the dangling bond recombination for th e  whole tem peratu re  
range (Figure 5.20).
Although we are able to explain the peak and valley features of 
photoconductivity using Group-A energies with a low hole m obility ( ~  I 
;cm2/V-secj), this model does not give a self-consistent result. In particu lar, 
use of such a low hole mobility in a solar cell sim ulation shows a significant 
deviation of the open-circuit voltage, Sfl-factor arid slope a t short-c ircu it 
current from the experimental results. A detailed discussion of this problem 
will be given in C hapter 6.
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Lastly, let us examine the difference between Group-B and Group-A for 
the energy levels of singly and doubly occupied dangling bond s ta tes  for the 
photoconductivity as function of generation ra te  as discussed in section -1.3. 
As shown in Figure 5.1, excellent agreem ent between the model calculations 
and experim ental results were obtained with G roup-B, for undoped annealed 
samples. Group-B also correctly predicts the intensity  varia tion  of the 
exponent (-y— 0.89) for high defect samples, which result from prolonged 
illum ination. GroUp-A does not predict the 'y correctly for h igh defect s ta te  
densities, as shown in Figure 5.22, although the  model calculation shows
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Figure 5.22 The model (Group-A) calculation of photoconductivity as a 
function of the  generation ra te  for undoped films after 
annealing and  subsequent prolonged illum ination (Experim ental 
d a ta  were taken  from [156]).
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good agreem ent with experim ent for an annealed s ta te . For high defect 
density samples, the quasi-Fermi levels for electrons and holes do not move 
quickly tow ard  the band edges, for low generation rates. This can be seen 
for a dangling bond density of Ix lO 17 [cm-3]. The effect is more pronounced 
for a dangling bond density of Ix lO 18 [cm-3]. More specifically, the quasi- 
Fermi level for holes is located between the D-  and D+ s ta tes  while th a t  for 
electrons is slightly above the m idgap for a dangling bond density of 1x10 
[cm-3] until the generation ra te  reaches high levels (Gl ^  ~  Ix lO 19 
[photon/cm 3-sec]. Therefore, the electron concentration is significantly lower 
than  for Group-B, in th a t generation regime, because the energy levels of the 
singly and doubly occupied dangling bond sta tes  are 0.47 eV and 0.87 eV. 
The photoconductivity is determ ined by the hole concentration instead of 
the electron concentration in the low generation ra te  regime because the 
ratio  of the electron mobility to hole mobility is only a  factor of 3. 
Consequently, the photoconductivity does not increase rapidly until the 
electron concentration is dom inant over hole concentration, by least a factor 
of 3. This happens when the generation ra te  is g reater th an  about Ix lO 19 
[photons/cm 3-sec]. T h a t is why the photoconductivity sharply increases 
above a generation rate  of ~  Ix lO 19 [photons/cm 3-sec]. Group-A does not 
predict the single-valued power exponent (> -0.89) as Group-B does, for high 
defect dangling bond a-Si:H films.
Group-B predicts more plausible results, th an  Group-A  in the light 
intensity dependence of photoconductivity for high defect a-Si:H films as well 
as the light-induced changes in the  dark  conductivity discussed in C hapter
196
5.4. Su m m ary
Detailed numerical calculations using a complete set of 
photoconductivity equations have been performed to b e tte r understand  the 
recombination processes using steady-sta te  photoconductivity  as function of 
light intensity, tem perature, and spin density in a-Si:H films.
Based on these calculations, the recom bination proceeds both through 
band tail s ta tes  and dangling bonds in the low generation ra te  regime, while 
recombination through band tail s ta tes  is dom inant over th a t through 
dangling bond sta tes in the high generation regime. The recom bination 
process through dangling bonds becomes dom inant over th a t  through tail 
states as the dangling bond density increases. The model calculations show 
excellent agreem ent w ith corresponding experim ents for annealed and for 
high defect a-Si:11 films.
The capture cross-sections used in the model calculations for dangling 
bonds and tail s ta tes  are justified based on a detailed comparison with o ther 
model capture cross-sections obtained from light in tensity  and tem peratu re  
dependence of photoconductivity.
Although the m athem atical equations need to be simplified, an analytic 
solution for the light intensity  dependence of photoconductivity  agrees fairly 
well with the detailed num erical prediction for two extrem e cases, i.e., 
recombination only through tail s ta tes  and only through dangling bonds, 
respectively.
The tem peratu re  dependence of photoconductivity  is characterized in 
terms of the overall features of the photoconductivity in order to understand  
which physical param eters control the different shapes. A careful fitting of
1 0 7
experim ental results was not done because of the significantly different 
photoconductivity features which are observed from 'different laboratories... 
The model calculations predict th a t  the tem pera tu re  dependent 
photoconductivities in intrinsic a-Si:H and in unintentionally  doped a-Si:H 
have very different shapes. Num erical calculations were m ade to explain the 
different features of photoconductivity  as a function of tem perature.
A model which uses recom bination through both band tail s ta tes  and 
dangling bonds is fu rther supported by a study of the spin density 
dependence.
A comparison with o ther model calculations was made for light 
intensity and tem peratu re  dependence of photoconductivity . In particu lar, 
Group-A energy levels along w ith low hole mobility, yields a peak and valley 
feature in the tem peratu re  dependence of photoconductivity w ithout the 
need to introduce o ther gap sta tes , e.g., "electronic sensitizers" or light- 
induced donors as suggested by other investigators. A lthough the use of 
Group-A energies yields a therm al quenching phenomenon (peak and valley 
feature) as observed by a few research group, this model does not explain 
the light-induced changes in the photoconductivity  and the dark 
conductivity along w ith the thickness dependence of solar cell param eters.
In sum m ary, it is found th a t  both  band tail s ta tes  and dangling bonds 
play an im portan t role as active recom bination centers in low-defect 
hydrogenated am orphous silicon m aterials. In the model, Group-B energies 
along with the device param eters obtained from C hapter 4 have been used 
to explain the experim ental photoconductivity  as function of light intensity, 
tem peratu re, and spin density, in a self-consistent m anner.
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C H A P T E R  6
O N E  D IM E N SIO N A L  A N A L Y SIS OF a-SiC :H  
P -I-N  SO L A R  CELLS
6.1. In trod u ction
Conventional a-Si:H p-i-n solar cells showed poor quantum  efficiency a t 
short w avelengths[22] due to the recombination in the p-layer. System atic 
studies have been carried out on cell structures[23], and their design 
parameters[20,186] to suppress this loss mechanisms and improve the 
efficiency. As a result of extensive research and developm ent efforts on high 
efficiency a-Si solar cell designs, high perform ance devices have been 
fabricated  using a structu re  consisting of glass/anti-reflection layers / ( a- 
SiC:H) p-/(a-Si:H) i-n /back  electrode. The p-layer typically contains about 
20^  30 %  carbon and has a energy gap of ~  2.0 eV[l87].
C atalano e t.a l.[2] obtained a conversion efficiency of 10.1 %  using a 
g la ss /S n 0 2/(a-SiC:H) p-/(a-Si:H) i-n/A g structure  w ith more than  1-cm2 
area. More recently, Y am azaki e t.a l .[3] reported g la ss /lT O -S n 0 2/(a-SiC:H ) 
p-/(a-Si:H) i-/micro-crystaHine(/ic)-Si:H n /b ack  electrode cell s tru c tu re  
having a conversion efficiency of 10.5 %  (1.05-cm2 area). Both cell 
structures utilize a wide bandgap hydrogenated am orphous silicon carbide 
(a-SiC:H) p-layer to minimize the light loss in the window layer. In view of
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its higher efficiency and better processability for mass production, the p-i-n 
heterojunction a-Si solar cell is a more promising s tru c tu re  th an  any others 
proposed to date.
To maximize light absorption, it is desirable to m ake the intrinsic layer 
thick. Since the i-layer thickness affects the device s tab ility  in a-Si:H solar 
cells, careful designs for the i-layer thickness are required. H am akaw a 
et.al. [21] showed experiments and theoretical calculations of cell param eters 
(Voc, J sc, Fill Factor, Collection efficiency, and Conversion Efficiency) as a 
function of i-layer thickness up to 12,000 A for hom ojunction p-i-n 
structures. H anak and Korsun[l88] m easured cell p a ram eter dependence of 
i-layer thickness up to 6,000 A for p-i-n structu res. K uw ano e t .a l .[189] also 
presented the photovoltaic perform ance of hom ojunction p-i-n solar cells as
o
a function of intrinsic layer thicknesses between 1,000 and 10,000 A , and 
compared them  with their model calculations to check the valid ity  of their 
calculation process.
Recently, ARCO Solar|l90 ,191] has dem onstrated  comprehensive device 
stability  studies for thicknesses between 1,000 and 200,000 Afor over 500 4.3 
cm2 a-SiC:H p-i-n devices. They also conducted spectral analysis of cells 
with varying thicknesses. More recently, Kim e t.a l .[192] have investigated 
the variation of solar cell param eters w ith intrinsic layer thickness between
1,000 and 9,000 A for 3x3 m m 2 p(a-SiC:H)/i(a-Si:H )/n(/ic-Si:H ) type xells . 
fabricated by photochem ical vapor deposition (photo-CVD) techniques. 
They introduced a carbon-alloyed graded-band-gap layer betw een the p /i  
interface to minimize interface recom bination and thereby obtained a higher 
conversion efficiency. They obtained an efficiency of 11.2 %  (Voc= 0.882 V,
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J sc": 18.05 m A /crn2, FF 0.702) from their best cell with an intrinsic 
thickness of 3,000 ~  4,000 A.
To achieve fu rther im provem ents in efficiency and to understand  the 
factors which may affect cell param eters, a m athem atical model of a-SiC:ll 
p-i-n cell is extremely valuable. Even though several com puter sim ulations 
and analytic models have been used as shown in section 1.3 of C hapter I, 
the cell preform ance of the p-i-n s truc tu re  with an a-SiCiH p-layer has not 
been adequately described by any of these models or com puter sim ulations.
In this chapter, the cell param eters of the (a-SiC:lI) p-/(a-S i:II) i-n 
struc tu re  as a function of thickness will be calculated under the same 
electrical, and optical param eters as well as gap s ta te  model used in 
C hapters 4 and 5. Section 6.2 will present a mode! of the (a-SiC:M) p -/(a- 
Si:ll) i-n cell to be calculated and  section 6.3 will show the calculated results 
along w ith a comparison w ith experim ental d a ta . P aram etric  study for 
optim um  cell design will be made along with comparison w ith o ther models 
in sections 6.4 and 6.5. Finally, conclusions will be draw n in the sum m ary 
section.
6.2 . B asic  M od elin g  o f  a-SiC :H  P IN  C ells
The proposed energy band model for the (a-SiC:l I) p -/(a-S i:ll) i-n solar 
cell is shown in Figure 6.1. The em itter (p+ region) is an a-SiC: 11 alloy for 
which the bandgap is 2.0 eV, while the intrinsic and h + regions are a-Si:I I 
w ith a bandgap of 1.72 eV. The valence band is assumed to be continuous 
so th a t all of the discontinuity in the bandgap a t a-SiC:H p/a-S i:H  i 













Figure 6.1 Energy band model of proposed 1-dimensional a - S i C: 11 p -/; 





It has been reported th a t residual boron doping from the em itter 
penetrates 50 to 100 A in to  the intrinsic region[l93]. The bandgap of a-Si:H 
is reduced by the presence of boron[l94]. Thus the bandgap narrowing 
associated w ith the penetration  of boron into the base is modeled by a 
"notch" in the conduction b an d jl6 2 ,195,196] as shown in Figure 6.1 a t the 
em itter-base interface. This notch causes an increase in recom bination a t 
the interface. In the gap s ta te  model, recom bination is assumed to be due 
to the ta il and the dangling bond s ta tes  as shown in the photoconductivity 
study of C hapter 5.
Using the above energy band model with the gap s ta tes  proposed in 
C hapter 2, the complete tran sp o rt equations (3.1-17) of C hapter 3 with 
appropria te  boundary conditions m ust be solved num erically to obtain three 
unknowns nG(n), p0(p) and V0(V) as a function of position under 
equilibrium (non-equilibrium ) conditions. As explained before, the program  
TFSSP handles up to 7 active layers. Each layer can be independently 
specified with various electrical and  optical param eters.
The perform ance of the cell can be com puted under dark and 
illum inated conditions. W hen the cell is analyzed as a solar cell, the 
current-voltage curve, open-circuit voltage, short-circuit current, fill factor, 
collection efficiency and conversion efficiency are com puted.
A num erical prediction of the solar cell param eters as a function of cell 
thicknesses between 1,000 and 200,000 Awill be carried out. Calculation of 
free carrier concentrations, trapped  charge in tail and dangling bond states, 
electric field d istribution, generation and recom bination profiles as a 
function of position together w ith current-voltage characteristics under
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global AM 1.5 illum ination will be perform ed. A comparison of the thickness 
dependence of cell param eters between calculated and experim ental results 
obtained from ARCO Solar Inc.[191 ] will be presented along with a detailed 
analysis in the  next section.
6 .3 . C ell P a ra m eters  vs T h ick n ess  S tu d y
The calculation of solar cell param eters as a function of thickness was 
perform ed using TFSSP, which allows us to describe each layer of the device 
separately . In each layer the thickness and m aterials param eters can be 
specified independently of the other layers. M any of the m aterial 
param eters used in the model calculations are obtained from the previous 
study, described in C hapter 4 and  5.
In the p and n regions of the solar cell, the four-fold coordinated doping 
density reaches IO17 ~  IO18 [cm 3] [197]. The dangling bond and doping 
profiles (distributions and energy levels) in the a-SiC:H em itter are inferred 
from dark  conductivity d a ta : ((Td -  IO-5 [l/fl-cm ])[l97]. A lthough the 
incorporation of carbon into the p-layer has the desired effect of widening 
the optical gap, the presence of boron and carbon lead to complications in 
the analysis. The com plications associated with gap s ta te  profiles arise 
m ainly due to  the chemical bonding struc tu re  of a-S ij^C xiH  depending on 
the carbon source, doping fraction, and p reparation  conditions. In the solar 
cell sim ulation, the m ateria l param eters in the em itter which could not 
obtained from  experim ents directly are ad justed  to get the best fit based on 
various studies related to the m ateria l characteristics, e.g., resistivity, 
activation  energy, optical gap, refractive index, absorption coefficient, on a-
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®h-xCx:H with different carbon fractions, and solar cell characteristics of 
(a-SiC:H) p-/(a-Si:H ) i-n / heterostructures.
The material param eters in the intrinsic and n regions are deduced 
from the photoconductivity study for undoped a-Si:H in Chapter 5 and from 
the relationship between doping and dangling bond study for n-type a-Si:H 
in Chapter 4, respectively.
The details of the recom bination param eters a t the interface between 
the em itter and base are unavailable from independent experiments, bu t we 
can draw  some conclusions from the simulations themselves. Since the notch 
does provide a convenient and plausible means of modeling the interface 
recom bination, the device param eters in the notch are adjusted to obtain a 
"best fit" to the corresponding experiments. This will be discussed further in 
the next section. The capture cross-sections of the tail states and dangling 
bonds have been obtained from the photoconductivity study in C hapter 5.
The param eters used in the model calculations in each layer are listed 
in Table 6.1, and the input-deck for the solar cell simulation is listed in 
Table 6.2. The meanings of various electrical and optical param eters 
specified in Table 6.2 can be found in "TFSSP QUICK REFERENCE 
GUIDE" developed a t Purdue.
6 .3 .1 . O pen C ircu it V o lta g e
Figure 6.2 shows the dependence of the open-circuit voltage on cell 
thickness. These d a ta , in conjunction w ith the short-circuit current, yield 
considerable insight into the distribution of the recom bination within the 
cell.
Table 6.1 Device parameters 
model calculations
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conduction and valence band effective density of states  
acceptor dopant density
standard deviation of gaussian distribution of acceptors 
acceptor energy level above E1 
donor dopant density
standard deviation of gaussian distribution of donors 
donor energy level below Ec 
electron mobility 
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characteristic energy of conduction band tail
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capture cross-section for holes in the conduction band tail
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capture cross-section for electrons in the valence band tail
dangling bond defect density
standard deviation of Gaussian D level distribution  
D + trap level wrt Ev 
D - T ra p lev e lw r tE lU 
D  —*DlJ hole capture cross-section 
D u- >D+ hole capture cross-section 
D +—+Dl) electron capture cross-section 





































•0E16-1.0E11 - ■ _
0.04 _
0.16 -
























values of energy gap(l.67-1 .72 eV) in the notch Reduce Iinea ; grading of the energy gap f r o m T ^ e V  
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Table 6.2 Input-deck for an (a-SiC:H)p/(a-Si:H)i-n solar cell sim ulation
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Figure 6.2 Open circuit voltage dependence on th ickness (Experim ental 
d a ta  were taken  from ; 19 1]).
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The Solid and dash lines in Figure 6.2 present the results obtained from 
the model calculations. There is excellent agreem ent between the 
experim ental results and the calculations over the  entire range, except for 
the very th ickest cells. Also shown is the calculated Voc in the absence of 
interface recom bination.
The slope of Voc with thickness between 1,000 A and 10,000 A is 
determ ined by the relative proportion of the recombination which occurs a t 
the interface and in the base. If the  recom bination was entirely base 
dom inated, the slope of the curve would be a shown by the dashed line in 
Figure 6.2. If the recom bination was entirely interface dom inated, Voc would 
actually  increase with increasing base w idth, as a result of the increased 
generation of carriers in the base. The best agreem ent with experim ent was 
obtained when the base recom bination ra te  is about 60 % of the to ta l and 
the interface recom bination ra te  is about 30 % under open-circuit voltage 
conditions with a base cell thickness of ~  3,000 A as shown in Figure 6.3. 
The rem ainder of the recom bination occurs a t the back contact, the n- 
region, and the em itter. Figure 6.3 also shows the recom bination ra te  
through the tail and dangling bond states, as a function of position, under 
open circuit conditions. Since the dangling bond density is high a t the p /i 
interface and the em itter, the recom bination ra te  through dangling bonds is 
higher th an  th a t through tail s ta tes  in those regions. However tail states 
tend to be more im portan t recom bination centers than  the dangling bonds in 
the  base region. Therefore, the excess electron concentration is smaller a t 
the  interface than  most of the regions due to the high dangling bond 
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In order to understand the nature of the recom bination process, one 
should examine the charge distribution in the tail and dangling bond sta tes  
in the interface and base. Since the recombination through dangling bonds 
is dom inant over th a t through tail states a t the interface because of the
high dangling'bond density (which is consequence of doping), only the charge 
distribution of dangling bond states will be considered a t the interface. The 
density of positively occupied D -states is much greater than  negatively 
occupied D -states a t the interface as shown in Figure 6.5 (due to the boron 
doping). The recom bination rate  is mainly determ ined by the free electron 
concentration and the electron capture cross-section of the positively 
occupied D -states (D+- D 0 ; CN.D+). A similar charge distribution for 
dangling bond sta tes Wfas obtained near the front of the i-layer as shown in 
Figure 6.6(a). Figure 6.6(b) shows occupied tail s ta te  density. Since the 
num ber of occupied valence band tail s tates are g rea ter th an  occupied 
conduction band tail s tates near the front of the i-layer, the ta il s ta te  
recom bination ra te  is determ ined by the free electron concentration and 
electron cap ture  cross-section of the valence band donor-like tail s ta tes .
Now, let us examine th e  charge distribution in the middle of base layer. 
The ta il s ta te  recom bination rate  is still dom inant over dangling bond 
recom bination, and the tail s ta tes  are still im portan t recom bination centers 
The negatively occupied dangling bond states are now greater th a n  the 
positively occupied dangling bonds as shown in Figure 6.7(a). In this case, 
the recom bination through the dangling bonds is determ ined m ainly by the 
hole concentration and hole capture cross-section of the D s ta te  charge 
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Figure 6.5 Charge d istribu tion  of D -states as a function of energy a t the 
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im portan t recombinatidn centers in the middle of the base as shown in 
Figure 6.7(b). Near the back of the Flayer, the charge distribution of the 
ta il and dangling bond states is opposite to th a t near the front of i-layer as 
shown in Figure 6.8(a) and (b). The num ber of the negatively occupied D- 
s ta tes  and tail s tates are much larger than  the positively occupied D -states 
and ta il s tates, respectively. Therefore, the recom bination ra te  is prim arily 
dependent on the hole concentration and hole capture cross-section of D-  
and acceptor-like states.
As shown in Figure 6.2, Voc increases with decreasing base w idth. This 
occurs because excess carriers are effectively collected before they recombine 
in the relatively thin base region. However interface recom bination 
eventually dominates over base recom bination for very thin base cells. As 
shown in Figure 6.9 for an 1000 A base, almost 50 % of the recom bination 
occurs a t the p /i  interface, while the base recom bination accounts for only 
17 %. The rest of the recom bination occurs a t the back con tact ( ~  28 %) 
and n + layer (~ , 10 %). Once the thickness reaches th a t point (base 
thickness of ~  500 A for ARCO ells), Voc actually  s ta rts  to decrease 
because generation ra te  falls, interface recom bination, and The portion of 
the recom bination between the interface and the base are opposite to before.
This inform ation is very useful when analyzing solar cells which show a 
decrease of open circuit voltage w ith decreasing base thickness. H anak  and 
Korsun[l09] studied the dependence of solar cell perform ance on i-layer 
thickness of p-i-n cells before and after light soaking. The open circuit 
voltage s ta r ts  to decrease w ith decreasing base thickness below 4,000 A . 
H am akaw a et.al. [21] and Kuwano et.al.[l89] also observed the open circuit
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Figure 6.9 Recom bination ra te  and fraction of to ta l recom bination 























voltage to drop below 5,000 A for p-i-n cells. This indicates th a t the 
recom bination either a t the p /i interface or in the em itter was larger than  
th a t in the base below about 4,000~  5,000 A . Figure 6.10 shows the 
dependence of open circuit voltage on cell thickness from 1,000 to  7,000 Afor 
a p-i-n cell w ith high recom bination a t the  p / i  interface. The open circuit 
voltage tends to decrease with decreasing base thickness. Once the interface 
recom bination is dom inant over the base recom bination, most of m inority 
carriers (electrons a t the p /i  interface) recombine a t the interface. 
Consequently, the open circuit voltage s ta r ts  to decrease from th a t point, as 
a result of the decreased generation of excess carriers in the  base, and the 
portion of the recom bination a t the interface increases fu rther with 
decreasing base width. Their cel]s[21,189] probably reach th a t point 
( 4 ,0 0 0 5 ,0 0 0  A) where Voc s ta rts  to decrease.
M itchell et.al.[l98] observed two different aspects of open circuit voltage 
as a function of i-layer thickness for two sam ples fab rica ted  a t different 
substra te  tem peratures. The Voc of the sam ple fab rica ted  a t the lower 
substrate  tem peratu re  tends to increase w ith decreasing base thickness while 
the sample fabricated  a t higher su b stra te  tem peratu re  tends to decrease. It 
is known th a t the high tem peratu re  process leads to  high dangling bond 
densities in a-Si:H films.
Kim et.al.[l92] introduced a buffer layer a t the p / i  interface to  reduce 
the interface recom bination. They observed an increase of open circuit 
voltage w ith decreasing base w idth up to 1,000 A which is sim ilar to the 
ARCO cells. Special care in the design and  fabrication  process should be 
taken  in order to improve solar cell perform ance by minimizing the interface
222
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Figure 6.10 Open circuit voltage as a function of thickness for a cell with 
high interface states. The device param eters are the same as 
tab le 6.1 except for D -state densities in the base and interface; 
D -s ta te (b ase )=  Ix lO 15 [cm-3], D -s ta te ( in te rfa ce )= 3 x l0 18 
[cm i.
recom bination rate.
The open-circuit voltage is observed to be nearly independent of base 
thickness between 10,000 A and  50,000 A as shown in Figure 6.2. The model 
calculation indicates th a t  the  recom bination is completely base dom inated 
( ~  85 %) above 10,000 A , As the base thickness is increase from 10,000 A 
to  50,000 A the relative proportion of the recom bination which occurs a t the 
interface and the base does not change significantly because any additional 
generated excess carriers are balanced by additional recom bination under 
open circuit condition. The portion of the recom bination in the base is 
alm ost the same over this thickness range. The 10,000 ~  50,000 A thick 
devices show a relatively flat Voc until the in ternal electric field has 
collapsed to near 0 (see Figure 6.12). F igure 6.11 shows tha t; th e  Fase 
recom bination is dom inant over the  interface recom bination for a 10,000 A 
cell thickness. ;
The open-circuit voltage decreases about 2 0 ~  30 mV for base widths
thicker than  50,000 A ,.; This is probably due to the fact th a t reduction of 
in ternal electric field causes the recom bination ra te  to increase in the base 
fpf very th ick  cellsv O pen-circuit voltage for th e  very th ick  sam ples was not 
com puted due to  problems w ith convergence under open circuit operating 
conditions for the very th ick  cells.
Also shown in Figure 6.2 are the Values for Voc a fte r 100 hours of light 
shaking under open circuit condition. Once again, the agreem ent between
the calculated and experim ental values is quite good. As explained in 
C hapter 4 and 5, it is believed th a t prolonged illum ination causes the 
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dangling bond density has been assumed to increase from 5x K)15 [cm 3I to—3i
5xlD 10 [cm-3 ] in the base, and  from SxlO1' [cm-3] to I .GxlOis [cm-3] a t the 
in terface, respectively. An analysis of the thickness dependence of open- 
circuit voltage for the light soaked case can be m ade as was ,done for the 
as-grown case. The slope of V oc w ith thickness between 1,000 A and 10,000 
A is dependent on the relative proportion of recom bination occurring a t the 
p /i  interface and the base. Voc is nearly constan t w ith base thickness 
between 10,000 A and 50,000 A . The significant drop of Voc for bases 
th icker th an  50,000 A is probably  due to a reduction of electric field. Figure 
6.12 shows the equilibrium  electric field as a function of position between I  
pm  and 8 pm  for a cell \vith the base thickness o f 10 pm. As explained 
before, the electric field has collapsed to zero in the base region for the thick
CCll- V  ■■• : V .  ■ '
Figure 6.13 shows the recom bination ra te  as function of position for a 
light soaked cell w ith a base thickness of 3,000 A  . The recom bination 
through ta il s ta tes  and dangling bonds are now both im portan t in the entire 
base region because the dangling bond density has increased due to 
prolonged illum ination. This is different from the as-grown cell shown in
Figure 6.3 when ta il s ta te  recom bination dom inates.
6 .3 .2 . S h ort C ircu it C u rren t
Short-circuit current as a function of thickness for the as-grown and 100
hour light soaked cases indicates a constan t increase as the base layer is
< ) (.) ( )
increased from 1,000 A to  10,000 A. For cells above 10,000 A, a steady drop


















e l e c t r i c  f i e l d  v s  p o s i t i o n
.0000 . 0000
-.H000 -
- .6 0 0 0  -
- .8 0 0 0  - - - .8 0 0 0
-1.000 - - - 1 .000
- ~ i .800
- I .400 - - - 1 .400
--1  .600
-1 .8 0 0 - I .800
.2000.0000 .4000 .6000 .6000 I .000 I .200
x ( a n g s t r o m s )
Figure 6.12 Equilibrium electric field as a function of position for a 10 //m 
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Figure 6.13 Recom bination ra te  and fraction of to ta l recom bination as a 
function of position under open circuit conditions for a light 
soaked cell. The device param eters are the same as Figure 6.3 
except for D -state  densities in the base (5 x l0 16 jcm ^ lV a n d  




















the light soaked devices.
The agreem ent between experim ent and calculation is not as good for 
J sc as it is for Voc. However, there are a num ber of factors which influence 
the absolute value of J sc, which may not be properly accounted for in these 
calculations. The m ost im portan t are the optical transm ission of the 
tran sp a ren t tin  oxide layer and the reflectance of the cell. For these 
calculations, tin oxide characteristics m easured on sim ilar samples were 
used. In any event the overall shape of the curves is in good agreem ent as 
shown in Figure 6.14.
Although the agreem ent between the experim ental and' calculated 
open-circuit voltage for the very thick samples is uncertain  due to the 
convergence problem  under open circuit operating conditions, calculations of 
J sc do not present the same problem, and here the  agreem ent is quite good.
The decrease in J sc with increasing cell thickness for very thick cells
10,000 A ) can be traced to the increase in base resistance, 
particu larly  for light soaked cells. The base resistance of the as-grown cells 
is much lower than  would be expected for a thick undoped base region. This 
is the result of a significant increase in base conductivity due to the presence 
of excess photogenerated  carriers even under short-circuit conditions. Figure 
6.15(a) and (b) show the excess carrier concentration as function of position 
for a I /im  and a 5 /im base thickness cell, respectively. The recom bination 
ra te  in the  base for a 5 /im cell is higher th an  for a I //rn cell due to the 
lower electric field. However the absolute m agnitude of the excess carrier 
concentration for a 5 /im cell is as high as for a I /im cell. This is due to 
the fac t th a t  abou t 20 % of to ta l excess carriers are generated for thickness
Log Base Width [A]
Figure 6.14 Short circuit current dependence on thickness (Experimental
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Figure 6.15 Excess carrier concentration as a function of position under 
short circuit condition; (a) for a I fixn base cell, (b) for a 5 //m
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greater th an  I /zm as shown in Figure 6.16. Therefore, the as-grown cells 
experience relatively little degradation in Jsc as a result of series resistance. 
The th ick  light soaked cells ( ~  5 /zm), on the other hand, have an higher 
dangling bond density than  the as-grown cells and consequently have a 
higher recom bination ra te , a lower excess carrier density and higher series 
resistance. Figure 6.17 shows th a t the excess carrier concentration for a 
light soaked cell is much sm aller th a n  for an as-grown cell shown in Figure 
6.15(b). This is due to the higher recom bination ra te  through the dangling 
bonds in the base and the interface, particu larly  in the base for a very thick 
cell, shown in Figure 6.18(b). This causes the sharp fall in short circuit 
curren t shown in Figure 6 .11. Figure 6.19 clearly shows significant resistive 
voltage drop in the base for the 5 /zm thick light-soaked cell under short 
circuit condition.
The short circuit curren t falls as the  base thickness is made smaller 
th an  ~  I /zm as shown in Figure 6.14. This is mainly due to the fac t th a t  
percentage of light being absorbed through the base gets smaller as base 
thickness gets th inner. Consequently, this causes the volume generated 
excess carrier concentration in the base to decrease.
6 .3 .3 . F ill F a c to r  and S lop e a t S h ort C ircu it C u rren t
T h e  fill factor (FF) is mainly determ ined by the m agnitude of the open 
circuit voltage, the value of diode factor, and the series and shunt 
resistances. In p ractical cells, the shunt resistance is usually large enough to 
have a negligible effect a t AM 1.5 global solar intensities. Therefore the 
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Figure 6.17 Excess carrier concentration as a function of position under 
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Figure 6.18 Recombination rate and fraction of total recombination as a 
function of position under short circuit conditions; (a) for an 
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Mitchell et.al.[l98] observed th a t the diode ideal factor is relatively 
independent of intrinsic layer thickness. Meanwhile, Schwartz et.al.[l99] 
pointed out th a t the diode factor is very dependent on the density and 
distribution of the localized sta tes in the mobility gap. Figure 6.20 shows 
the calculated dark I-V characteristics for the as-grown and the light-soaked 
cell w ith an intrinsic layer thickness of 3,000 A . The diode factor, n, is 
changed from 1.5 to 1.8 by modifying the dangling bond defect s ta te  density. 
Since well-prepared a-Si:H cells show a dark diode quality factor varying 
from 1.4 to 2.0 from cell to cell, while remaining nearly constant for a given 
cell over a wide range of bias conditions, the calculated values are in good 
agreem ent with experim ental results.
The fill factor as function of cell thickness is directly affected by the 
open circuit voltage and the series resistance. Figure 6.21(a) and (b) show 
the dependence of the fill factor on the cell thickness for the as-grown and 
100 hour light soaked samples, respectively. The model calculations, w ithout 
taking series resistance into account, predict a higher value of FF than  is 
experim entally observed for the as-grown cells depicted with a solid line in 
Figure 6.19(a). Excellent agreem ent between experim ent and calculation can 
be obtained by assuming a series resistance of 5.0 Sl-cm2 for the entire 
thickness range.
Figure 6.21(b) also shows experim ental and calculated fill factors w ith 
and w ithout the series resistance for 100 hour light soaked samples. The 
experim ental results show the FF drops constantly  with increasing cell 
thickness to 40,000 A The agreem ent between calculation and experim ent is 
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Figure 6.21 Fill factor dependence on thickness; (a) for an as-grown cell, 
.,(b )  Tor a 100 hour light soaked cell (Experim ental d a ta  were 
taken  from [l9l]).
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particu lar, the deviations are significant for very thick cells although the 
thickness-independent series resistance of 5.0 IFcm 2 was taken  into account. 
This is probably due to the fact th a t the series resistance of th e  light soaked 
cells is much higher than  would be expected for a thick undoped base region. 
This argum ent can be supported from the optical s tab ility  studies of a-Si:H 
solar cells by H anak and Korsun[l88]. They investigated the dependence of 
the series resistance and fill factor on i-layer thickness before and a fter 
illum ination. They observed th a t the series resistance for 62 hour light 
soaked sample increases monotonically up to 6.0 H-crn2 a t 8,000 A from i- 
layer thickness about 2,000 A . Meanwhile the sample before light soaking 
did not experience significantly thickness dependency. Therefore, the 
increase in internal series resistance with thickness appears to be the direct 
cause of the lowering of the FF  and of the decrease in short circuit curren t 
in light soaked thick a-Si:H solar cells.
A nother im portan t factor which influences the FF  is the slope of the 
current-voltage characteristic  a t short circuit, The slope at short
circuit is also correlated to the open circuit voltage and the fill factor as 
well. In a prelim inary study[l95,196] on the slope a t short circuit, a 
sim ulated solar cell I-V characteristics with an infinite surface recom bination 
velocity, s, and low m obility showed a lower short circuit current, open 
circuit voltage, and fill factor than  measured. In particu la r, such a 
sim ulation showed a large slope a t short circuit which tu rned  out to be due 
to high recom bination a t the front surface. In fact, removing all other 
sources of recom bination yields a minimum slope of 0.4 m S /cm 2 for such an 
ohmic contact. Good devices may have a slope of less than  0.3 m S /cm 2
2 4 2
implying th a t the front contact, a t least, is not ohmic. We therefore use a 
front surface recombination velocity in this model low enough th a t it does 
not aflect the slope a t short circuit.
The slope is due to voltage-dependent recombination which, in tu rn , is 
mostly due to the capture of electrons by positive dangling bonds in the 
em itter and near the front of the base. Reducing the dangling bond density 
in the base to very low values gave the correct short circuit current and 
open circuit voltage, but the slope was still too high. If instead, we reduced 
the electron capture cross-section by positive dangling bonds by two order of
m agnitude from S treet’s values[53], the result turned out a good m atch  with 
experim ent including the slope a t short circuit. This reasonable fit to
experim ent does not imply th a t the choice of m aterial param eters  is correct. 
For example, while a prelim inary study showed a good agreem ent between 
experim ent and  calculation fpr 4sc, Vqcv 3-nd slope a t short circuit, the  
param eters used in solar cell sim ulations were inconsistent w ith those in 
photoconductivity study. Furtherm ore, the simulation did not predict the 
dependence of open circuit voltage on cell thickness correctly, particu larly , 
for th in  base cells. Since the dangling bond density in the base was reduced 
to  very low values to obtain the correct slope a t short circuit as well as J sc 
and Voc, the portion of the recom bination rate  in the base is m uch smaller 
th an  th a t in the notch a t practical cell thickness. Consequently, the open 
circuit voltage actually  decreases w ith decreasing cell thickness as explained 
in section 6.3.1, which is again inconsistent with the results of ARCO solar 
cells. In order to obtain the correct partitioning of recom bination between 
the notch and the base, one has either to increase the dangling bond density
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in the base or decrease th a t in the  notch. However, neither approach  
correctly predicts the observed results. The first . 'approach- showed lower J sc, 
Voc, and slope a t short circuit, and the second approach gave much higher 
open circuit voltage than  the experim ent.
Investigation of model calculations revealed th a t  the slope is due to not 
only the surface recom bination and the d istributed  n a tu re  of the  dangling 
bonds, bu t also the m agnitudes of free carrier mobilities, particu larly , the 
hole mobility. Figure 6.22 shows I-V characteristics for different values of 
hole mobilities w ith a base thickness of 3,000 A , using the param eters listed 
in Table 6.1. The device perform ance is very sensitiye to the hole band 
mobility. Hole mobilities of 0.67 and I [cm2/V-sec] which are  commonly 
used to model solar cells predict lower F F  th an  the experim ental results 
while it does not appreciably reduce th e  short circuit current. W hen the 
series resistance is taken into account, the model calculated  FF  using the low 
hole piobilities becomes much sm aller th an  the experim ental values. 
Furtherm ore, the low hole mobility also shows a higher slope a t J sc th an  is 
observed. v ./A V A; y A :.y> v r f e ;  A ; A i h i  V
V V -' The situa tion  becomes even worse as base thickness increases. Hack 
and Shur[33] also examined the electron and  hole mobilities for (a-Si:H)p-i-n 
solar cells with a base thickness of 6,000 A . They used electron and hole 
mobilities of 20 and 4 [cm2/V -sec| for a best fit to the experim ently I-V 
characteristics. The hole m obility th a t  they used predicts the  correct FF 
and slope a t J sc for a 6,000 A base thickness cell. However a higher hole 
mobility would be required to obtain  good fit to the experim ental results as 
base thickness increases th icker than  6,000 A .
Figure 6 .2 2  Current-voltage characteristics of (a-SiC:H) p-/(a-Si:H) i-n cell 
under global A M I.5 radiation for various values of hole 
mobility.
Figure 6.23 shows the model calculated slope a t  short circuit Current as 
function of thickness using electron and hole mobilities of 20 and 6 jcm2/V - 
secj, respectively. The calculation is in good agreem ent w ith the experim ent
for the entire thickness range except for very th ick  cells. This la tte r  error 
may be due to the num erical inaccuracy in the calculation.
Let us examine the na tu re  of recom bination a t m axim um  power to 
understand device perform ance for two extrem e cases, //p=  6.7 [cm2/V-seci
and //p—0.67 [cm2/Y “sec]. The prim ary loss to carrier collection for a hole 
mobility of 6.7 [cm2/V-sec] is recom bination in the  base of the  device as
shown in Figure 6.24(a). The prim ary loss for hole mobilities of 0.67 
[cm2/V-sec] is also in the base shown in Figure 6.24(b). The base
recom bination ra te  for the lower hole m obility is higher th an  for the higher 
hole mobility. Since holes will be m inority carriers in most of the base
region for both cases shown in Figure 6.25(a) and (b), the  hole tran sp o rt 
controls the carrier collection in the base of the device. Consequently) a 
solar cell with the lower hole mobility shows a higher recom bination ra te  in 
the base. Ilowever electron tran sp o rt controls the carrier collection a t the 
p / i  interface because electrons are now  m inority carriers as shown in Figure 
6.25(a) and  (b), Since the electron mobility is 20 [cm2/V-sec] for both cases, 
the recom bination ra te  is determ ined by the m inority carrier concentration. 
The distribution of tail and  dangling bond s ta tes  a t  the p / i  interface, near 
the front, middle, and near the back of the  base region a t  m axim um  power 
is very sim ilar to the d istribution  a t open circuit yoltage.
Based on the model calculations, the fill factor is very sensitive to the 
series resistance and the base recom bination losses which are strongly
■ initial
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Figure 6,23 Slope a t short circuit dependence on thickness (Experim ental 
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Figure 6.24 Recombination rate  and fraction of total recombination as a 
function of position a t the maximum power conditions; (a) for 
the hole mobility of 6.7 [cm2/V-sec], (b) for the hole mobility 
of 0.67 [cm2/V-sec]. .
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Figure 6.25 C arrier concentration as a function of position a t the maxim um  
power conditions; (a) for the hole mobility of 6.7 [cm2/V-sec], 
(b) for the hole mobility of 0.67 [cm2/V-sec].
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influenced by the m inority carrier mobility.
6.3.4. Conversion Efficiency
Figure 6.26(a) and (b) show the dependence of solar cell efficiency on 
cell thickness for as-grown and for light soaked cases* respectively. The 
d a ta  for as-grown cells indicate th a t  a 6,000 A thick device has the highest 
efficiency. A fter 100 hour light soaking, the efficiency is relatively flat from 
2 ,000^  5,000 A, and drops sharply with increasing thickness.
The peak efficiency around 6,000 A is  mainly due to the peak in the 
short circuit curren t for the as-grown cell. The efficiency decreases with 
decreasing cell thickness below 6,000 A although the open circuit voltage and 
fill factor slightly increase. This is due to the decrease in short circuit 
current because the volume in which carrier generation can occur gets 
sm aller. Efficiency also decreases w ith increasing cell thickness. This can be 
explained due to decrease of fill factor w ith thickness.
Figure 6.26(a) shows fairly good agreem ent between calculation and 
experim ent by taking the series resistance of 5 ITcm2 into account.
The model calculations predict Anuch higher cell efficiency th an  the 
experim ent for the  light soaked cell as shown in Figure 6.26(b). This is due 
to the fac t th a t  calculated short circuit current and fill factor are higher 
th an  experim ental values. As explained before, high short circuit current 
m ay result from optical transihission of the tran sp aren t tin  oxide layer and 
the reflectance of the ceil being worse than  assum ed in the  model. The high 
fill factor is a ttr ib u ted  to a low in ternal series resistance in the model 
calculations for the light soaked cell. However the model calculation
3.8 4.2 4.6
Log Base Width [A]
3.8 4.2 4,6
Log Base Width [A]
Figure 6.26 Solar cell efficiency dependence on thickness; (a) for an as- 
grown cells, (b) for a 100 hour light soaked cells (Experim ental 
d a ta  were taken from [I9l]).
♦ 100 hr light soak 
(experimental [191])
-Computed(Rs=O)
• • • computed (R s-  5.0 £2-cm2)
■ 100 hr Iightsoak 
(experimental [191])
—  computed (R s = 0)
•• • • computed (Rs= 5.0 £2-cm2)
predicts a sm aller short circuit cu rren t than  experim ent for very thick cells
while the model still predicts a higher fill factor th an  the experim ent. 
Consequently, the  overall efficiency for very thick cells yields good agreem ent 
between calcu la tion  and experim ent. In any event, the overall shape of the 
curves is in good agreem ent.
6 .4 . P a r a m e t r i c  S tu d y  fo r  O p tim u m  C ell D esig n
The solar cell param eters as a function of thickness have been studied 
for as-grown and light-soaked cases to optim ize the cell design. For the 
param eters given in T able  6.1, optim um  efficiencies are obtained with a 
~  6,000 A device for as-grown cells. However m axim um  experim ental 
efficiencies are obtained w ith the intrinsic layer thickness of ~  3,000 A for 
light-soaked cells as shown in Figure 6.26(b). The difference between as- 
grown and light-soaked cells is more pronounced in the fill factor as a 
function of thickness shown in Figure 6.21. Since a solar cell is used under
the  sun light for long periods of time, one has to consider the degradation 
due to light soaking in design optim ization.
be t us exam ine the device param eters more carefully to optimize the 
cell design using the num erical model. We have chosen the intrinsic layer 
thickness to be approxim ately 3,000 A for a nominal cell thickness. It is 
obvious th a t  the  optim um  device thickness, in general, will increase w ith 
ipif»TOving m ateria l quality. A good quality  (a-SiC:li) p-/(a-Si:H ) i-n solar 
cell results from  the following considerations; in m ateria l and  device; (i) 
improving film quality of base layer; e.g., reducing am photeric dangling 
bonds and  ta il s ta tes , (ii) optim ization of the p /i interface; e.g., reducing
254
i n t e r f a c e  s t a t e s  b y  m o d i f y i n g  d e v i c e  s t r u c t u r e  o r  f a b r i c a t i o n  t e c h n i q u e s ,  ( i i i)  
i n c r e a s e d  a b s o r p t i o n  o f  s o l a r  e n e r g y  b y  r e d u c t i o n  o f  s u r f a c e  r e f l e c t io n ;  e .g . ,  
u s e  o f  t e x t u r e d  s u r f a c e ,  a n d  a d j u s t i n g  t h e  t h i c k n e s s  o f  a n t i r e f l e c t i v e  f i lm ,  
( iv )  o p t i m i z i n g  t h e  w i n d o w  la y e r ,  (v )  l i g h t  t r a p p i n g .
T h e  c r i t i c a l  p a r a m e t e r s  w h i c h  i n f l u e n c e  d e v i c e  q u a l i t y  a r e  t h e  g a p  s t a t e s  in  
t h e  b a s e  a n d  i n t e r f a c e  s t a t e s  a t  t h e  p / i  i n t e r f a c e .  In  o t h e r  w o r d s ,  t h e  g a p  
s t a t e s  a n d  i n t e r f a c e  c h a r g e  s h o u l d  b e  r e d u c e d  t o  i m p r o v e  t h e  s o la r  c e l l  
e f f i c i e n c y .  H o w e v e r  it  s h o u l d  b e  r e m e m b e r e d  t h a t  a m o r p h o u s  p - i - n  s o la r  
c e l l s  o p e r a t e  w i t h  t h e  a id  o f  a n  i n t e r n a l  e l e c t r i c  f ie ld ,  t h e  e l e c t r i c  f ie ld  s h o u l d  
b e  m a i n t a i n e d  t o  c o l l e c t  t h e  e x c e s s  c a r r i e r s  b e f o r e  t h e y  r e c o m b i n e .
f  igure 6.27 shows the open circuit voltage as a function of the dangling 
bond density in the base with and w ithout the p / i  interface states, 
respectively. The open circuit voltage is not significantly changed by 
dangling bond density less th an  SxlO15 [cm“ 3] for both cases (with and 
w ithout interface states). This is due to the fact th a t  the dangling bond 
density less than  SxlO15 [cm 3] does not affect significantly the to ta l 
recom bination ra te  because the recom bination ra te  through the tail states is 
higher th an  th a t through the dangling bond sta tes in the base. Therefore, 
Voc is determ ined by the recom bination through the tail s ta tes in the base.
However Voc s ta rts  to decrease w ith increasing dangling bond density 
above 5X101 [cm 3] because the recom bination ra te  through the dangling 
bonds gradually  becomes im portan t and takes over the recom bination 
through the ta il s ta tes  for high dangling bond density in the base. Figure 
6.28 and 6.29 show the recom bination ra te  as a function of position with and 
w ithout interface s ta tes under open circuit condition for dangling bond
>  0 .8 7
•  with interface 
a without interface
Dangling Bond Density [cm"'3]
Figure (>.27 Open; circuit voltage as a function of dangling bond density in 
the base; with and w ithout interface states. The param eters 
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Figure 6,28 Recombination rate and fraction of total recombination as a 
function of position with interface states under open circuit 
conditions for a dangling bond density of Ix lO 17 [cm-3 ].
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Figure (>.29 Recom bination ra te  and fraction of to ta l recom bination as a 
function of position w ithout interface s ta tes  under open circuit 




















density of Ix lO 17 [cm-3], respectively. The recombination ra te  with 
interface s ta tes (Figure 6.28) is higher than  th a t w ithout interface states 
(Figure 6.29) because interface sta tes act as active recombination centers. 
Since the dangling bond density, in this case, is an active recom bination 
center, Vqc w ithout interface s tates (interface states are assumed to be 
composed of dangling bonds and tail states) is higher than  th a t with 
interface s ta tes  shown in Figure 6.27.
Short circuit current does not change significantly with dangling bond 
density in the base until the dangling bond density is high enough to  modify 
the in ternal electric field. For high dangling bond densities (more than  
5 x l0 16 [cm-3]), J sc decreases sharply due to high recombination through the 
dangling bonds in the base region as shown in Figure 6.30. This is true for 
cells w ith and w ithout interface states.
The difference in value of J sc between cells with and w ithout interface 
sta tes  is not significant over the entire range of dangling bond densities as 
shown in Figure 6.30. However, precisely speaking, the model calculation 
w ith interface s tates predicts very slightly higher Jsc than  w ithout interface 
sta tes. This difference is mainly due to the electric field distribution near 
the front of the base and particu larly  a t the p /i interface. Since the 
interface s ta tes  slightly enhance the electric field near the front of the base 
and the interface, the recom bination ra te  a t the interface is slightly smaller 
th an  w ithout interface under short circuit condition. This causes the 
m inority carrier concentration to increase slightly near the interface region. 













Dangling Bond Density [cm'3]
Figure 6.30 Short circuit current as a function of dangling bond density in
the base with and w ithout interface states. The param eters
listed in Table 6.1 are used in the model calculations.
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As explained in section 6.3.3, the fill factor is sensitive to the 
recom bination losses in the base, series resistance, m agnitude of hole 
mobility, and surface recombination velocity. The m agnitude of hole 
m obility and surface recom bination velocity used in the model calculation 
are constant, and the series resistance has not been taken  into account. 
Therefore, the fill factor is mainly determined by the voltage dependent base 
recom bination. Figure 6.31 shows the fill factor as a function of dangling 
bond density for cells w ith and w ithout interface states. There is little 
difference between them  in the absolute value of the fill factor for dangling 
bond densities less than  ~  Ix lO 16 [cm-3] because the tail s ta te  
recom bination rate  is dom inant over the dangling bond recom bination rate.
The fill factor is alm ost constant for dangling bond densities less than  
5 x l0 15 [cm-3] because the recom bination through the tail s ta tes  is higher 
th an  th a t through the dangling bonds in the base although the to ta l 
recom bination is small in the base compared to other regions. Small 
dangling bond density does not significantly affect the to ta l recom bination 
ra te  in the base a t maximum power. Therefore, the fill factor is alm ost 
independent of the dangling bond density. However the fill factor drops 
sharply when the dangling bond density exceeds Ix lO 16 [cm-3]. This is due 
to the fact th a t the recom bination through the dangling bonds is now an 
im portan t contribution to the to ta l recombination in the base. Therefore, 
for dangling bond densities more than  Ix lO 16 [cm-3], they are a m ajor factor 
in the determ ination of the fill factor.
The maximum cell efficiency based on the detailed calculation can be 
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Dangling Bond Density [cm ]
Figure 6.31 Fill factor as a function of dangling bond density in the  base 
w ith and w ithout interface sta tes . The param eters listed in 
T able are used in the model calculations.
fact, dangling bond densities less than ~  5x10 15 [cm-3] do not significantly 
influence the efficiency. However the efficiency decreases sharply for 
dangling bond densities greater than  Ix lG ia [cm-3] as shown in Figure 5.32 
because of the sharp drop in the fill factor and open circuit voltage.
Based on this analysis, it is im portant to reduce the tail s ta tes  as well 
as the dangling bond sta tes  to enhance solar cell performance.. Therefore, 
one should reduce the tail s ta tes in the base, the interface s ta tes  and the 
dangling bond density in order to improve cell efficiency.
6.5. C o m p a riso n  w ith  O th e r  M odels
As explained in section 1.3 of C hapter I, several different a-Si:H solar 
cell models have been reported '21,25,28-33). In this section, we will examine 
the basic concepts used in other models and compare then w ith our model 
calculations.;
Sw artz '21 [ proposed the first comprehensive numerical model for a-Si:ll 
p-i-n Solar cells. He solved the two continuity equations for electrons and 
holes along with Poisson’s equation. He neglected the trapped charges (e.g., 
ta il s ta tes  and dangling bond states) in the gap sta tes . Various 
experim ental resu lts[38] have proved th a t there  exist a large num ber of gap 
sta tes  which act as charge trapping and active recom bination centers as 
well. As can be seen from the results of our model calculations (see Figure 
6.1-6.8), the significant trapped charge in tail and dangling bond sta tes  
cannot be neglected. Since he also used Shockley-Hall-Read (SHR) single 
level recom bination statistics, the solar cell perform ance, Voc, J sc, FF , and 
efficiency increase with increasing ionized donor and acceptor
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•  with interface 
a without interface
Dangling Bond Density [cm'd]
Figure 6.32 Solar cell efficiency as a function of dangling bond density in 
the base with and w ithout interface states. The param eters 
listed in Table 6.1 are used in the model calculations.
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concentrations. However if he had considered the gap sta tes , which play an 
im portant role as trapping  and recom bination Centers, the cell perform ance 
would not have improved by ju s t increasing the im purity concentrations. 
Consequently, the charged tra p  density "does" significantly affect Solar cell 
performance.
Meanwhiles, Cheh et.al.[25] and Ikegaki et.al.[32] assumed th a t the 
trapped charge in the localized sta tes  (tail s ta tes) is the dom inant 
contribution to the space charge density. This is the opposite assum ption to 
Sw artz’s model. As shown in Figure 6.15, 6.17, and 6.25, the free carrier 
concentration near the front and back of the intrinsic layer is important.. In 
particular, the  free carrier concentration is more im portan t in the heavily 
doped em itter and i i1 layers. Since free carriers con tribu te  to  the potential 
profiles, the free carriers cannot be neglected in high quality a-Si:ll 
materialj26,27j.
Crandall[28j and Faughnan et.al.[29] proposed models for an a-Si:II p-i- 
n solar cell using the "regional approxim ation". They assum ed th a t the 
electric field is uniform throughout the intrinsic layer so th a t a fundam ental 
param eter, the collection length, Lc, can be defined from a solution of the 
transport equation. We have already shown th a t the significant charges are 
trapped through the localized sta tes which pertu rb  the electric field profile 
in a p-i-n solar cell operating under global AM 1.5 illum ination. Figure 6.33 
shows the electric field profiles as a function of position for short circuit 
condition, maximum power point, and open circuit condition in the model 
calculated (a-SiC:ll) p -/(a-S i:li) i-n solar cell. A lthough their approxim ation 
is fairly reasonable throughout most of the base region, the electric field is
electric field vs. position
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Figure 6.33 Electric field profiles as a function of position for short circuit 

















perturbed in p , n , and near front and back of the  base regions by space 
charge as shown in Figure 6.33.
As also shown in Figure 6.5-6.8, the trapped  charge distribution 
between near the front of the base and near the back of the base through 
the tail and dangling bonds is quite different due to the effect of p ' and n +. 
Hence, the p+ and n+ regions play a very im portan t role in determ ining the 
field distribution within the intrinsic region. This is more pronounced- with 
small of base thicknesses. This is basic difference between the models of 
Okaimoto e t.a l.[30], Sichanugrist et.al.[3J], C randall [28] v- and  our model. 
They imply th a t solar cell perform ance is completely determ ined by the base 
characteristics. However their analysis is not true for a-Si:H p-i-n solar cells 
as shown by pur model calculations.
Hack e t.a l.[33] solved the two continuity  equations and Poisson’s 
equation simultaneously. They assumed th a t only the tail s ta tes  between 
the trapped electron and hole quasi-Fermi levels ac t as recom bination 
centers, whereas we assume th a t both the tail and dangling bond s ta tes  are 
active charge trapping  and recom bination centers as well. Since they used a 
zero-tem perature d istribution function to calculate the trapped  electron and 
hole density, they underestim ated the trapped  charge (see Figure 6.6(b), 
6.7(b) and 6.8(b)).
M any experim ental d a ta  (see [34]) have dem onstrated  th a t there exists 
high dangling bond densities in the gap of a-Si:H m aterial. Our analysis of 
photoconductivity as a function of light in tensity , tem peratu re  and spin 
density also shows th a t the ta il and dangling bond s ta tes  are both im portan t 
recombination centers in a-Si:H m aterial. A lthough th e ir assum ption (tail
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s ta te  recom bination is only im portan t in high quality undoped a-Si:H 
m aterial) is, to some extent, true, th a t is no longer valid a t m oderate 
generation ra tes (AM I.5 illum ination is, roughly speaking, ~  3 x l0 18 
[^ /c m 3-sec], see Figure 5.2 in the photoconductivity study). Recom bination 
through dangling bond s ta tes  becomes more im portan t a t low generation 
rates (G < 3x lQ 18 [# /c m 3-sec]). In particu lar, their assum ption is even worse 
for p + and n + layers which contain dopan t-created  dangling bonds. 
Therefore, their model is not su itab le for sim ulating a solar cell with high 
defect s ta tes  (e.g., light soaked cells). W hen they sim ulated a p-i-n cell 
th roughout the whole region, they did not consider doping induced the 
dangling bond defect s ta tes  in p + and n + layers. In fact, these dangling 
bond s ta tes  play im portan t role for charge trapping  and recom bination 
centers. Since they to ta lly  neglected the dangling bond defect s ta tes  in their 
model, the electric field and the recom bination profiles are som ewhat 
different from the results shown in Figure 6.3, 6.9, 6.13, and 6.24.
In their photoconductivity  study, they modified their gap s ta te  modeling 
in order to incorporate the effect of dangling bond s ta tes  along w ith  tail 
s ta tes  b y u s in g  four different exponentially d istribu ted  density spectrum . 
Their gap s ta te  model for photoconductivity  is not consistent w ith th a t for 
solar cell although they assume th a t dangling bond density does not 
seriously affect cell perform ance for high quality a-Si:H p-i-n solar cells. A 
detailed analysis and com parison of the ir model calculations w ith our results 
for photoconductivity  were m ade in section 5.3 of C hapter 5.
8.6 . S u m m ary
The comprehensive sim ulation program  TFSSP has heeh ushd to 
understand  the physical mechanisms governing the operation of (a-Si€:H) p- 
/(a-Si:H ) i-n solar cells in a self-consistent m anner. A detailed analysis of 
the dependence of solar' cell param eters on cell thickness between 1,000 A 
and 200,000 A based on the complete numerical solutions, e.g. free carrier 
concentrations, trapped  charge in the tail and dangling bond states, electric 
field, space charge density, generation and recom bination profiles, in terms 
of position together w ith current-voltage characteristics under illum inated 
condition, was carried out in order to optimize cell design.
The excellent agreem ent between the calculated and experim ental 
values for solar cell param eters as a function of cell thickness for both the 
as-grown and the light-soaked cases supports the model presented, This 
model shows th a t recom bination a t the p /i interface has a significant effect 
on Voc for very th in  cells, while the relative proportion of recom bination in 
the base and  the in terface controls the shape of Voc vs thickness for 
thicknesses less than  10,000 A . The model also predicts alm ost constant 
open circuit voltage for thickness more than  10,000 A due to the the fact 
th a t  any additional generated excess carrier is balanced by recom bination 
until in ternal electric field falls to very low values.
The overall shape of the  calculated short circuit current curves is in 
good agreem ent w ith experim ent although the model calculated  J sc is higher 
th an  the experim ental values. The higher absolute values of J sc may be 
a ttr ib u ted  to the  optical transm ission of the tran sp a ren t antireflective layer 
and the reflectance of the cell. The base resistance of very thick cells is
269
significantly reduced by photoconductive processes for as-grown cells bu t 
seriously affects light soaked cells through the increased recom bination 
caused by the increased dangling bond s ta te  density.
The model shows th a t the fill factor is very sensitive to the base 
recom bination losses as it depends on the bias dependence of this loss 
mechanism, the slope a t short circuit, and series resistance. The slope of the 
I-V curve a t short circuit is found to be a sensitive indicator of agreem ent 
between sim ulation and experim ent. A good m atch to this as well as other 
perform ance param eters occurs when the front con tact is trea ted  as non- 
ohmic (i.e., surface recom bination velocity is not infinite), and a high hole 
mobility is used. The series resistance influences the fill factor directly. The 
model predicts th a t the series resistance of the light soaked cell is much 
higher than  would be expected for a thick undoped base region.
The num erical program , TFSSP, has also been used to optimize the 
solar cell design. The model predicts th a t  the p /i  interface s ta te  is a crucial 
factor in determ ining th e  solar cell preform ance for typical cell thicknesses. 
The model also shows th a t  the gap sta tes  modify the in ternal electric field 
significantly. The electric field in tu rn  directly influences the cell 
perform ance. : ■
In conclusion, the  self-consistent num erical modeling program  is an 
excellent tool to diagnose the actual solar cell characteristics and to 
optim ize cell design as well.
270
C H A P T E R  7
SU M M A R Y , C O N C L U S IO N S A N D  R E C O M M E N D A T IO N S
7.1, Su m m ary
The purpose of this research was to provide a clearer understanding of 
the physics related to the charge trapping, and recom bination processes 
through the gap sta tes  in hydrogenated am orphous silicon semiconductors. 
The work also emphasized the understanding of the perform ance of (a- 
SiCrH) p-/(a-Si:H ) i-n solar cells. Designs for these cells has been optimized. 
In order to achieve the above goals, modelling associated with the gap sta tes 
and detailed m athem atical formulae governing tran sp o rt were set up 
elim inating many of the simplified assum ptions which have usually been 
made to analyze a-Si:H sem iconductor devices.
In C hapter 2, a realistic gap s ta te  model was proposed based on recent 
experim ental results and theoretical background. The tail s ta tes  were set up 
based on the theoretical derivation of Soukoulis et.al. [47] and the 
experim ental results of Jackson e t.a l .[48]. The characteristic  energy slopes 
of the tail s ta tes  were obtained from the experim ental values of Tiedje 
e t.a l .[45]. The simple exponentially decaying tail s ta te  model was tested  to 
examine the significance of the tail s ta tes  in the study of doping effects on 
the dangling bonds. Dangling bond and dopant s ta tes  were set up with a
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G aussian-shaped distribution in the energy gap. W hen the s tandard  
deviation of the G aussian-function is zero, the dangling bond s ta te  becomes 
a delta-function distribution. The w idths of the dangling bond s ta te  and 
doping d istribution  are ad justab le  param eters depending on the sample 
fabrication conditions and dopan t type.
M athem atical formulae related  to the transpo rt, charge trapping  and 
recom bination m echanisms through the gap sta tes  were derived w ith 
minimum num ber of approxim ations, as discussed in C hapter s .
The purpose of the study in C hapter 4 was to determ ine the 
relationship between doping and dangling bond density. The effect of doping 
on the dangling bond density was examined under the assum ption of a one- 
to-one relationship between doping and dangling bonds. As far as the 
au tho r knows, no one has analyzed this problem num erically under this 
specific constrain t. The one-to-one correspondence and the transition  energy 
levels of 0.72 eV and 1.12 eV for the singly and doubly occupied dangling 
bond s ta tes  correctly predict the doping dependence of the dark  conductivity 
and the conductivity sa tu ra tio n  for P-doped films. The model calculation of 
B-doped films shows th a t the acceptor energy level and the distribution are 
much shallower and narrow er th an  the donor counterparts.
The model calculation under the same constrain t shows excellent 
agreem ent w ith the observed dark  conductivity as function of tem peratu re. 
In the low tem peratu re  range, the  hopping conduction through the donor 
band  for high doping levels was examined by com paring the model 
calculation and experim ent. The true exponential factor and the activation 
energy were also discussed, based on the theoretical calculation and the
experim ental observation of the tem peratu re  dependence of dark 
conductivity.
: /  ;  ' 2 7 2  •
The model shows th a t  the unionized donor concentration is im portan t 
in the sweep-out charge a t high doping levels while the conduction band tail 
s ta te  is a  m ajor contribution to sweep-out charge a t low doping levels. The 
calculation does not prediet the actual sweep-put charge for boron-doped 
films due to the short period of sweep-out time and the broad valence band 
tail. •
T he  model used in C hapter 4 was com pared w ith other models along 
w ith an analysis of the results of the doping dependence of conductivity, 
sweep-out charge and spin density. ^
Photoconductiv ity  studies as a function of light intensity, tem perature, 
and spin density were perform ed to understand  the recom bination processes 
and tran sp o rt m echanism  in a-Si:H. The recom bination processes both 
through band tails and dangling bonds play an im portan t role based on the 
studies of the light intensity , tem peratu re, and spin density dependence of 
photoconductivity. The cap ture  cross-sections for dangling bonds and tail 
s ta tes  were obtained from the light intensity  dependence of 
photoconductivity. The model shows excellent agreem ent w ith the 
corresponding experim ents for annealed and high defect a-Si:H films due to 
prolonged illum inatipp.
The model has been also utilized to understand  which physical 
param eters control different photoconductivity features as a function of 
tem peratu re . The model, in fact, can explain the  different shapes of 
photoconductivity  observed for annealed and an as-grown a-Si:H films.
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Recom bination both through ta il and dangling bond states is fu rther 
confirmed from the spin density dependence of photoconductivity study. 
The model calculations are also used to explain other model calculations for 
light intensity , tem perature, and  spin density dependence of 
photoconductivity . The model calculations of photoconductivity have been 
perform ed in a self-consistent m anner to explain the corresponding 
experim ental results.
Finally, a solar cell analysis and design for (a-SiC:H) p-/(a-Si:H) i-n 
struc tu res was perform ed to find the optim al cell design and to improve cell 
efficiency. The numerical calculations show good agreem ent with the 
corresponding experim ental results for open-circuit voltage, short-circuit 
current, fill factor, and efficiency as function of cell thickness.
The model shows th a t the recom bination a t the p / i  interface and the 
base control the shapes of open-circuit voltage as function of thickness. 
However the model predicts alm ost constan t Voc Tor thicknesses greater than  
10,000 A
The model calculation shows good agreem ent of overall shapes of the Jsc 
curves with experim ent. The model shows th a t the base resistance of very 
th ick  cells is reduced by photoconductive processes for as-grown cells, bu t 
seriously affects light soaked cells through increased recom bination due to 
the increased dangling bond s ta te  density.
The fill factor is very sensitive to  the base recom bination losses, the 
slope a t short circuit and series resistance. The model indicates th a t the 
correct slope of the T-V curve a t short circuit as well as cell perform ance are 
mainly determ ined by the surface recom bination velocity and the m agnitude
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of bole mobility.
In the param etric study of the dangling bond density of the base, the 
model calculation predicts high cell performance by reducing the p /i  
interface s ta tes  and gap sta te .
In summary, the self-consistent numerical modeling program, TFSSP, is 
an excellent tool to diagnose the actual solar cell characteristics and to 
optimize cell design. V
7.2. Conclusions
•V -;:'. 'In /th is ; thesis, we have developed a simple self-consistent numerical 
model which yields results th a t are consistent with those observed 
experim entally for dark conductivity, photoconductivity, and solar cell 
perform ance.
A one-to-one relationship between doping and dangling bond density 
has been proposed to justify  the doping dependence of dark conductivity, 
sweep-out charge, and tem perature dependence of dark conductivity. 
Excellent agreem ent between calculation and experim ent was obtained for 
the doping dependence of dark  conductivity and sweep-out charge, and 
tem peratu re  dependence of dark  conductivity in P-doped a-Si:H films. The 
model also predicts correctly the conductivity satu ration  for P-doped 
samples. Meanwhile, the model calculation under the one-to-one 
relationship shows th a t  the acceptor energy level and distribution for B- 
doped samples are shallower and narrower than  the donor counterparts. 
The doping dependence of sweep-out charge for B-doped films was not 
evaluated  correctly due to the short sweep-out time and broad valence band
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tail.
It was shown th a t the true preexponential factor and activation energy 
should be evaluated carefully instead of simply taking the values from the 
tem peratu re  dependence of dark  conductivity plot.
The m aterials param eters obtained from the studies of dark 
conductivity and sweep-out charge as function of doping and tem peratu re  
under the one-to-one relationship have been used in the photoconductivity 
study and solar cell sim ulation as well. Detailed numerical calculations 
using a complete set of photoconductivity equations show th a t both band 
ta il s ta tes  and dangling bonds are im portan t recom bination centers in low- 
defect a-Si:H semiconductors. The model calculations show excellent 
agreem ent with experim ent for the light intensity and spin density 
dependence of photoconductivity. The model also explains the different 
shapes of tem peratu re  dependent photoconductivity for as-grown and 
annealed a-Si:H samples. . ..
Based on dark  conductivity and photoconductivity studies, the 
transition  energy levels of singly and doubly occupied dangling bonds are 
found to be 0.72 eV and 1.12 eY, respectively. The distributions of the 
dangling bond and doping s ta tes  are also evaluated.
Lastly, solar cell param eters Voc, J sc, FF, and r/ as function of cell 
thicknesses for (a-SiC:H) p-/(a-Si:H ) i-n cell s truc tu re  were fully investigated 
using the previous results to  study cell stab ility  and to seek optim al design. 
Excellent agreem ent between experim ent and calculation was obtained for a 
wide range of cell thicknesses.
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7.3 . R ecom m en d ation s
Several research opportunities related to this thesis are still open:
(1) In the carrier transport equations, the free carrier model has been 
implemented neglecting tunneling and phonon transpo rt mechanisms. The 
validity of these assumptions should be verified, particularly  in low 
tem perature ranges.
(2) The study of the doping effect on the dangling bond density has used the 
experim ental dark conductivity d a ta . More comprehensive research is 
needed to validate the one-to-one constrain t on the dangling bonds. For 
example, electron spin resonance m easurem ents, defect absorption d a ta , etc..
(3) The model calculation shows th a t the equilibrium spin density under the 
one-to-one relationship rnonotonically increases from a doping concentration 
of ~  Ix lO 16 [cm-3].. It is commonly believed th a t since the dangling bond 
signal can not be differentiated from the signal for tail states, accurate  spin 
density can not be measured in these doping levels. Theoretical and 
experimental work are further needed to  verify this.
(4) A positive correlation energy has been assumed in the model calculations. 
It would be worthwhile to examine the effect of a negative correlation energy 
(as proposed by Adler[200j) on the results of the previous model calculations.
(5) In the model calculations, energy and tem p era tu re  independent cap tu re  
cross-sections for tail and dangling bond s ta tes  have been used. 
Tem perature independent free carrier mobilities and density of s ta tes  in Ec, 
and Ev have been also implemented. The validity  of these param eters 
should be studied, particularly in low tem peratu re  range.
(6) The positions of dangling bond sta tes  and  doping w ithin th e  energy gap
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for wide gap m aterial, e.g. a-SiC:H p-layer window in p-i-n solar cell, are 
determ ined by scaling in term s of a-Si:H m aterial. The cap ture  cross- 
sections for a-SiC:l I m aterial have been assum ed the same as those for a- 
Si-H m aterial. More research work is needed to justify  these assum ptions.
(7) More work is required to understand the interfacial recom bination and 
physical phenom ena which control it.
(8) Uniform distribution of the dangling bonds has been assum ed in the base 
of (a-SiC:H)p-/(a-Si:H) i-n solar cells. The validity of this assum ption should 
be investigated, particu larly  for the light-soaked cells.
(9) The free carrier mobilities are still controversial. One group[82,83] 
obtained alm ost 80 times higher electron mobility than  other 
groups[45,84,85]. This difference m ust be resolved.
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A p p en d ix  A
M odel C a lcu la tio n s For D ark C o n d u c tiv ity
The gap s ta te  model proposed in section 2.3 for tail s ta tes  and dangling 
bond defect sta tes along with a G aussian-sbaped donor d istribution were 
used to calculate dark conductivity for a-Si:H sem iconductors. In this 
model, the to ta l space charge density under equilibrium has been computed 
taking into account (a) free electrons and holes (t>) trapped electron and 
hole concentrations in tail s ta tes  (c) ionized donor and acceptor 
concentrations (d) charged dangling bond defect sta tes . These charge
densities are m athem atically  form ulated using the proposed gap model as 
follows :
(a) electron and hole carrier concentrations :




where Nc and Nv are density of s ta tes  in the conduction and valence bands, 
respectively,
Ef0 is the equilibrium Fermi-level.
(b) trapped  electrons and holes in the  tail s ta tes  : The ta il s ta te  charge is
given by equations (3.42) and (3.44) under equilibrium  conditions. 
Rewriting n t and p t explicitly under equilibrium, then
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E,.
nt =  / g A(E)f£(E)dE (A.3)
where
Ba(E) =  gmaxe(E E'-)/kTA gA(E) <  gAma
SAe Sa (E )  — SAmax
Ja(E)
H0 ~b ®p
Pn +  ep +  n o +  Po
n o =  VOnIl0
Po =  V(TpPo
en =  V(TnaNce
(Et- E r)ZkT
Pp vOpaNve







gmax anc  ^ gAmax l^aYe the sam e meaning as before, and Ona and crp2t are the 
cap tu re  cross-sections for electrons and holes in the acceptor-like tail s ta tes. 
Similarly,
where
Pt =  J gD(E) [I —fp(E)] dE
E v
gp(E) -  gmaxe(Ev E)/kTD gD(E) <  gDl
(A. 10)
SDmax gD(E) ^  gDr (A -ii)
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*d(E)
no +  ep
(A. 12)
en "C ep “I" no "E Po
§max» SDmax) en> a nd ep for donor-like tail s ta tes  have meanings equivalent to 
the acceptor-like tail s tates.
(c) ionized donor and acceptor concentrations : Since the donor and acceptor 
profile are assumed to be G aussian-shaped. The ionized donor and acceptor 
concentrations can be obtained by in tegrating the Gaussian function over 
the entire energy range, namely

















[I +  P0-l




P0 =  Nve(E' - E^ /kT
(Ea- E aii)-





D n  —  ( E - E ll)ZkT
g D e
(A.17)
P u  =■ (EA- E v)/k T (A.18)
0Dr aA : s tan d ard  deviations of G aussian distributions. 
Edo, Eao : mean energies of G aussian distributions.
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(d) charged dangling bond defect sta tes  : Under equilibrium the general 
equation (3.75) for the ra tio  of dangling bond states derived in section 3.2.3
• 'i
of C hapter 3 can be rew ritten as
+ i
c(n,s)[n0 +  n (s+ —)] 
c (p ,s+ l)[p0 +  p " (s+ ^ )]
(A-19)
From  the equations (3.71),(3.73),(3.65), and (3.66) of C hapter 3,




P (s + —) v 2
e (n ,s+ l)
c (p ,s+ l)
(A.21)
|E(s+^-)-E ,.]/kT
e (n ,s+ l)  =  c(n,s)Nce (A.22)
|K, K( s : .;) ; /kT
e(p,s) =  c (p ,s+ l)N ve (A.23)
A rranging equation (A.19) after substitu ting  for n (s+ l/2 ) , p (s+ l/2 ), e(p,s) 
and e (n ,s+ l) yields
[Ev- E ( s + | ) J / k T
Ds+1 c(n,s)n0 +  Nvc(p ,s+ l)e  .
D s : N : : ' : [E (s+ { ) -E , . ] /k T
c (p ,s+ l)p 0 +  Ncc(n,s)e
Now, there exist 3 different dangling bond defect states, D , D0 and D f . 
For s =  0
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[Ev-E (-) l/k T
Di _  D~ c(n,0)no +  Nvc(p, l)e
D° 1)0  ^ V XT , v [E(I)-E-IAT
c(p,l)Po +  Ncc(n,0)e
K 1(Etm) (A. 25)
where c(n,0) is electron cap ture  cross-section for I)0 —► I) 
c(p ,l) is hole capture cross-section for I) —*• I)0 
E ( l /2 ) i isAhe energy level of the s ta te  which is defined as E tin 
and for s - I
" |E( ')-E,]/kT
D- i  _  D + _  c(p-,Q)p0 +  Nec(n,—l)e
D0 : lHv Hf -'"'li/kT
c ( n ,- l ) n 0 +  Nvc(p,0)e ;
where c(n,-l) is electron capture cross-section for D+ -+  D0 
c(p,0) is hole capture Cross-Section for D0 —► D+
E (-1/2) is the energy level of D 1 s ta te  which is defined as E tp
— K2(EtpQA.26)
One more exists. The to ta l dangling bond density is the sum of the D , I)0 
and D+ sta tes.
I) f  D0 -f D+ =  Dtotal (A.27)
Now, we have three equations (A.25-27), and three unknowns, D~, D0 and
I ' ' -  Using a G aussian-distribution of to ta l dhngling bond States, D-  and 
D+ C h a rg e d s ta te s c a n b e e a s i ly o b ta in e d a s
I K 1(Etm) ;total!+ K i(E tm)-I-K2(Etp) ViTrrrtJs
(Eln, I'tmi)'




where Dtotal is the total dangling bond s ta te  density,
OcIs is the s tandard  deviation of Gaussian distribution,
E tm0 and E tp0 are the mean energies of the Gaussian distribution of 
the dangling bond densities for D-  and D+, respectively.
In fact, each charge density can be expressed in terms of the 
equilibrium Fermi-level because each term depends on the free carrier 
concentration. T h u s th e to t a l c h a r g e d e n s i ty i s g iv e n b y
A ol(Efo) =  q[Po(Efo) “  P0(Efo) a N p+(Efo) +  P1(Ef0)
-  Dl(Eto) +  D+(Ero) -  D-(Efo)I = 0  (A -30)
By using this total space charge density, the position of the Fermi-level, E to, 
was calculated by the Newton-Raphson method as shown in the 
programming flowchart of Figure A.I  under the requirement of charge 
neutrality. After having determined the position of the Fermi-level, the  
doping and tem perature-dependent dark conductivity were calculated from 
the formula :
^ N dbp>T ) =  q K n o(Ndop>T ) +  M pPa(N dop>T)]. (A.31)
with q standing for the electronic charge, and /in and /ip for the electron and 
hole mobilities in the extended states, respectively.
dEtp (A.29)D+ =  J
K 2(Etp) ' to ta l













Figure A .I Program m ing flowchart for the model calculation
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A p p en d ix  B  
M odel C a lcu la tion s For P h o to c o n d u c tiv ity
It is important in the device modeling that the proposed model be 
consistent in any application. The same gap state modeling suggested in 
Chapter 2 and the same mathematical formulae derived in Chapter 3 are
used to study the photoconductivity under steady-state situations.
For uniform absorption of light, in the absence of electric fields, under 
steady-state conditions, the material should be neutral and the generation 
rate G equal to the total recombination rate Rlol, namely
Plot =  0 (B. I )
G = Rt0t (B.2)
The total space charge density />tot and total recombination rate Rtot are 
given by
PtOt = q[p -  n + N0+ -  NA~ + Ntail +  Di ] (B 3)
np — n f ^  ^
7p(n4-n,) +  r„(p+P l) +  R‘"' +  R»
where
n, p: non-equilibrium electron and hole concentration, 
Np+, Na : ionized donor and acceptor concentration, 
Ntail: net charge density in tail states,
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D i : net charge density in dangling sta tes ,
R taij: recombination rate  through tail s ta tes,
Rd : recombination ra te  through dangling sta tes.
For convenience, each term  of equations (B.3) and (B.4) will be rew ritten as 
follows.
For non-equilibrium hole and electron concentrations,
P ■= P0 +  Ap =  Nve^ Ev F|,^ kT (B.5)
and
n =  n0 +  An Nce(F"-E')/kT (B.6)
where Nc, Nv : density of s ta tes  of conduction and valence bands, 
F p, F n : quasi Fermi-level for holes and electrons, 
p0, n0 : equilibrium hole and electron concentrations,
Ap , An : excess hole and electron concentrations.
For ionized donor and acceptor concentrations,
N ■ + ■D I Np i
[I +  ..I1 ! V ^ra jy  
n n















n "  g De (E'~ E"l/kT
( B .9 )
N v
Pl1 ~  _ p (EA- E v)/kT  
bAe
(B .IO )
is t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  G a u s s i a n  d i s t r i b u t i o n  a n d E 00 a n d  E ao
a r e  t h e  m e a n  e n e r g i e s  o f  t h e  G a u s s i a n  d i s t r i b u t i o n  fo r  d o n o r s  a n d  a c c e p t o r s ,
r e s p e c t i v e l y .
T h e  n e t  t a i l  s t a t e  c h a r g e ,
N tai, =  Pt -  n t
E,





( B - l l )
w h e r e
Sa ( E )  =  g „ , » e ,E~ E')/kTA Sa (E )  ^  SAmax
SAmax Sa (E )  =  SAmax (B-12)
n - f  e n
fA(E) =  --------------------
e n +  Cp +  n +  p
(B.13)
n  =  v<Tnn ( B H )
P = V O pP
. ( Bl S)
_ -at (E|—E,.)/kT
e n =  vf7naN ce V (B-IS)
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Ni (Ev- E , ) / k T  
e  =  v ( t  N  e'-p . T pa1 v c (B-17)
/T?s (Ev- E ) /k T D
S d ( E )  =  Smaxe S d ( E )  ^  SDmax
SDmax S d ( E )  =  SDmax (B.18)
11 +  eD
W E ) =  ;-----------  H _  (B.19)
e n +  e p +  n  +  P
Smax a n ^ gAmax ^ ave the same meaning as before, and Ona and Opa are the 
cap ture  cross-section for electrons and holes in the acceptor-like tail states. 
Smax? SDmax? e n? anc  ^ e p o^r donor-like tail s ta tes  are the counterparts of the 
acceptor-like tail s ta tes.
For charged dangling bond sta tes ,
D i  =  D+ - D -  (B.20)
where
j K 1(Elra) 'total! + K 1(Elm)-I-K2(Etp) \Z 2 tt, •e
( E l l n - E i i llI i ) -
2". W JE lm (B.21)
and
D + /
K 2( E tp )________ D to ta l
I + K j (Etm)AK2-(Etp) V27RTds
(E11-E,,;,,)- 
2^ ,1,- ' (B.22)
where Dtotal is to ta l dangling bond s ta te  density,
(Tds is the s tan d a rd  deviation of the G aussian distribution,
E tm0 and E tp0 are m ean energies of the G aussian distribution of 
dangling bond s ta tes  for D-  and D +, respectively.
3 1 3
The first term  of equation (B.4) is a single level SHR recom bination 
center, the second and the third term s are related to the tail and dangling 




("P -  n,2)vth
n+N ce(^liJ/KT (,+Mv0(B--E)AT
CT
+ Ed(E)' ■n+N^E-EJAT p+N  (E-E)AT I<1E
7Pd
(B.23)
where g^(E) and gj)(E) are acceptor- and donor-like s ta tes  as defined before,
aPa(aPd) :uid <7na((Tnd) a re the capture Cross-sections for holes and 
electrons through acceptor-like(donor-like) tail s ta tes,
nj is the in trinsic carrier concentration.
The recom bination ra te  through dangling bond sta tes  is given by 
r d(s+ “ ) =  (Ds +  Ds+1)vth-
where
a________ c(n ,s)c(p ,s+ l)(pn—nj2)
c(n ,s)[n+n‘(s+^-)] +  c (p ,s+ l)[p + p +(s+-i-)]
(B.24)
V i )v 2
e(pfs)
c(n,s)
c (p ,s+ l)p (s+ —) 
c(n,s)
(B.25)n
2 (B.26)p4(s+!) = ^±11 = Z lZ----
2 c(p,s +  l) c (p ,s+ l)
, . ' [E(sh- —)—E,.]/kT
e(n,s +  l) =  c(n,s)Nce (B.27)
e(p,s) =  c(p,s-fl)Nve
[Ev—E (s+ —)]/kT
(B.28)
Since the dangling bond states (D5 and Ds+1) are assumed to be Gaussian- 
shaped distribution functions, the total recombination derived in equation 
(B.24) through the dangling bonds should be integrated over the entire 
energy range.
Equations (B.l) through (B.28) represent the complete formulae to be 
used for the photoconductivity study of a-Si:H. A rigorous solution of these 
equations requires iterative numerical techniques. The detailed techniques 
are given in several references[86-88]. For this study, equilibrium carrier 
concentrations nQ and pQ are first obtained using Newton’s method, and then 
the non-equilibrium counterparts, n and p, are also obtained iteratively over 
the range of tem perature, intensity, and spin density of interest using; the 
S E C A N T 'm eth o d jl53,154]. The system of equations (B.l) and (B.2) can be 
rewritten in terms of non-equilibrium carrier concentrations n and p. We 
then have two non-linear equations and two unknowns. The SECANT 
technique is used to solve these two non-linear equations using the 
equilibrium carrier concentrations n0 and p0 as an initial guess. This allows 
the photoconductivity, Oph, versus light intensity(Jinc), tem p e ra tu re (T 0 K), 
and spin density(Dspin) to be calculated. The photoconductivity is simply
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^ph =  q/'n(n -  n0) +  q//.p(p -  P0)
^inc>1 >^spin) T  ^ p ^ P ^ i n o ^  >^spin)] (B.29)
The com putational results and comparison with experiments for the 
light intensity, tem peratu re, and spin dependence of photoconductivity will 
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